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In recent years, there have been tremendous efforts in the synthesis of nanomaterials for 
their unique properties and applications different from their bulk counterparts. To 
incorporate multiple functionalities into one individual nanostructure is a challenging 
and interesting field in nanomaterial synthesis. Though various chemical routes have 
been developed to prepare core-shell nanocomposites, it is still believed that 
explorations of novel synthetic methodology and further engineering on shell structures 
will contribute new properties and applications to this field. 
This thesis focuses on the study of core-shell nanocomposites, aiming for producing 
complex nanostructures with process facility and feature application performance. 
Self-assembly templating is the main approach throughout this thesis, though 
hard-templating method is involved in some part the study. Four kinds of 
nanocomposites have been obtained: TiO2-polyaniline (PAN) core-shell nanomaterials, 
mesoporous Au-SiO2 core-shell nanocomposite, hierarchically designed SiO2-TiO2-PAN 
nanostructures, and mesoporous SiO2 spheres with hexagonally packed vertical 
channels and encapsulation of nanoparticles (Au, PAN, etc.). Material information of 
phase, composition, valence, and morphology are acquired from instrumental analysis 
to help us to further understand formation mechanisms. In order to evaluate the 
applicability, some of these nanocomposites are used as photocatalysts or nanoreactors. 
Firstly, TiO2/PAN nanocomposites have been synthesized by using 
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oleate-surfactant-protected anatase TiO2 nanoparticles self-assembled aggregations as 
templates for aniline polymerization. By tuning the polarity of reaction system, 
three-dimensional core-shell network or uniform TiO2-PAN nanocomposites are 
acquired. Secondly, using the same rationale but different materials, Au nanoparticles 
enclosed in hollow mesoporous SiO2 shell is produced from self-assembly-templated 
TEOS hydrolysis on the surface of Au nanoparticle aggregations. With additional heat 
treatment, bean-pod-like Au-SiO2 nanoreactor is obtained. It has been examined to be 
an excellent nanoreactor in catalytic reduction of 4-nitrophenol. Thirdly, we have 
planted the oleate-surfactant-protected anatase TiO2 nanoparticles onto SiO2 beads via 
self-assembly to fabricate complex SiO2-TiO2-PAN nanostructures, in which the TiO2 
nanoparticles play as seeds for the growth of different shells in the construction of 
highly intricate nanostructures. The method allows one to prepare core-shell, 
double-shell and multi-shell nanostructures by programmed coating and selective shell 
etching. Lastly, we have further engineered SiO2 shell structures by using 
non-/soft-templating methods to complete all the synthetic methodologies for 
core-shell/hollow structures. Assisted by the self-assembly of micelles, mesoporous 
SiO2 spheres with hexagonally packed vertical channels and their core-shell 
composites are prepared via three one-pot solvothermal routes. In addition to the 
synthesis of the phase-pure SiO2 spheres, we have also introduced functional materials 
into the central cavities of SiO2 spheres. Moreover, communicable 1D-channels of the 
SiO2 shells and workability of the enclosed nanomaterials have also be verified with the 
photocatalytic degradation of organic dyes (e.g., methyl orange).  
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Recent developments in the field of nanoscience and nanotechnology are expected to have 
a great impact on different aspects of our lives, cultures and societies. Nanoscience is the 
study of nanoscale materials which exhibit remarkable optical, chemical, electronic, 
mechanical, and physical properties, functionality, and phenomena due to the influence of 
their small dimensions. Nanotechnology is the application of nanoscience, based on the 
manipulation, control, and integration of atoms and molecules at nanoscale, to form 
materials, structures, components, devices, and systems with desired properties.
1
 Large 
economies around the world, from European Union,  America, Japan to China have been 




Huge interest in nanoscience and nanotechnology is motivated by several factors, and some 
of them are listed here, namely: 1) It has become possible to integrate organic, inorganic 
and biomaterials together to yield novel nanosystems with unique properties resulting from 
interactions of different components, by using bottom-up, or biologically inspired 




approaches. 2) High-performance, non-traditional electronic components can be made by 
extreme scaling at nanoscale to develop advanced electronic and photonic devices. 3) The 
applications of nanomaterials with higher efficiency are not limited to one field alone, but 
spread across from human disease detection and treatment, to environment protection, and 
energy generation and production.  
The recent research in the field of nanomaterials have led to the invention of whole new 
sets of nanomaterials (quantum dots, molecular machines, nanowires, etc.), and established 
synthetic approaches that include architecture and assembly of nanostructures, and novel 
patterning and pattern-replication approaches, to control the nanomaterial properties by 
tuning one or more synthetic parameters. 
3, 4
  
Nanomaterials are the materials having shapes and structures with at least one dimension 
falling in nanometer scale (1 nm = 10
-9 
m), and include nanoparticles (including quantum 
dots, when exhibiting quantum effects), nanorods and nanowires, thin films, and bulk 
materials made of nanoscale building blocks or consisting of nanoscale structures.
5
 
Synthesis of nanomaterials is becoming a new and exciting field in materials science, 
largely due to the development of material characterization techniques in nanoscale regime. 
Nanocomposite is defined as a composite of materials where at least one of the dimension 
of one of the constituents is in the nanometer scale.
6
 The fabrication processes of different 
nanocomposites are key steps in combining pure materials or phases together in nanoscale 








1.2 Objectives and Scope 
Through controlled synthesis and assembly of nanomaterials, new composites with novel 
properties can be developed. Figure 1-1 summarizes how experimental parameters can be 
used to control (nanotechnology variable) and influence physical and chemical properties 
of a given nanosystem in detail. Herein, the main objective of this work is to develop new 
strategies to synthesize and assemble nanomaterials through controlling the nanotechnology 
variables, as shown in the left column of Figure 1-1, with a pilot study on some of the 
applications. In particular, we focused on the study of core-shell structured nanocomposites. 
The reason for choosing core-shell structure is due to their importance in areas such as 
energy storage systems, drug delivery carriers, and composite catalysts for their special 
structure and the combination of multifunctional component.
7-10
  
In this thesis, a total of four kinds of core-shell nanocomposites are discussed: 
TiO2-polyaniline nanocomposite, complex core-shell or hollow sphere structures 
comprising of SiO2, TiO2, and polyaniline, microporous SiO2 hollow spheres and their 
organic or inorganic nanocomposites, and mesoporous Au-SiO2 core-shell nanoreactor. For 
each kind of nanocomposite, emphasis is put on developing a novel synthetic method, and 
on understanding of their formation mechanisms. For some nanocomposites, their 




applications are also studied and their performances are compared with commercially 
available composites. 
 
Figure 1-1 Nanotechnology frame: The left column shows the nanotechnology variables. 
The middle column shows the various materials properties that can be controlled by some 
or all of the nanotechnology variables. The right column lists five selected applications in 




1.3 Organization of the Thesis 
The recent research work and technological advances in the field of nanomaterials are 
reviewed in chapter 2. In this chapter, synthesis and self-assembly of core-shell and hollow 
materials are discussed. Chapter 3 gives a brief introduction to the material characterization 
methods used in this thesis.  
Chapter 4 discusses an oleate-surfactant-protected TiO2 nanoparticle self-templating 
synthetic method which is used to prepare TiO2-polyaniline core-shell nanocomposites. 
Chapter 5 describes the oleate-surfactant-protected TiO2 nano-seed mediated synthesis of 




complex structures composed of SiO2, TiO2 and polyaniline. Double-shelled TiO2 has 
shown better photocatalytic reactivity in methyl orange photo-degradation when compared 
with commercialized TiO2 product. Study on SiO2-based materials continues in chapter 6, 
where mesoporous SiO2 hollow spheres are fabricated via solvothermal method. Interior 
surface of SiO2 spheres is engineered by Ostwald ripening and surfactant soft-templating. 
We have further devised photocatalysts by incorporating TiO2 nanoparticles into SiO2 
mesoporous shell, which acts as both protective layer and molecules pipeline during 
photocatalytic reaction.  
In chapter 7, the process developed in chapter 4 is employed again for the preparation of 
Au-SiO2 mesoporous nanoreactor. Their catalytic reactivity is also examined by 
4-nitrophenol reduction, and optimum conditions to obtain nanoreactor are also discussed 
in detail. Finally, chapter 8 makes brief conclusions and recommendations for future work.  
The discoveries in this thesis have shed light on novel synthetic methods such as using 
self-assembled structures instead of conventional nanoparticles as templates, and may pave 
the way to prepare complex core-shell nanostructures. In addition, these discoveries have 
also offered valuable insights to the formation of hollow and core-shell structures through 
time or temperature controlled investigations. 
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In this chapter, research and technological advances in the field of nanomaterials are 
reviewed. Discussed in details are fabrication strategies for core-shell nanocomposites 
and hollow nanostructures. Brief introductions on properties and application of each 
component in this thesis (TiO2, polyaniline, Au and SiO2) are also presented. 
 
2.1 Overview of Nanomaterial, Nanostructure and Nanocomposite 
It has been recognized that nanomaterials possess enhanced or unique mechanical, 
catalytic, and optical properties, and electrical conductivity primarily because of their 
nanosize. Nanostructures (Table 2-1) constitute a bridge between molecules and infinite 
bulk systems. Individual nanostructures include clusters, quantum dots, nanocrystals, 
nanowires, and nanotubes, while collections of nanostructures involve arrays, 
assemblies, and superlattices of the individual nanostructures.
1-3
 As to the applications 
of nanomaterials and nanostructures, they are based on (1) the particular properties of 
nanosized materials, (2) the large surface area, and (3) the small size that offers extra 








Table 2-1 Nanostructures and Their Assemblies
2
 
Nanostructure Size Material 
Clusters, nanocrystals, 
quantum dots 
Radius, 1-10 nm Insulators, semiconductors, 
metals, magnetic materials 
Other nanoparticles Radius, 1-100 nm Ceramic oxides 
Nanobiomaterials, 
photosynthetic reaction center 
Radius, 5-10 nm Membrane protein 
Nanowires Diameter, 1-100 
nm 
Metals, semiconductors, oxides, 
sulfides, nitrides 
Nanotubes Diameter, 1-100 
nm 
Carbon, layered chalcogenides, 
BN, GaN DNA 
Nanobiorods Diameter, 5 nm DNA 













superlattices of nanoparticles 





Nanocomposites refer to composites of more than one Gibbsian solid phase where at 
least one dimension is in the nanometer range. The solid phases can be amorphous, or 
crystalline. They can be inorganic or organic, or both, and essentially of any 
composition.
4
 The idea to make nanocomposite is to co-assemble various precursors 
together with molecular level control over interfaces, structures, and morphologies. The 
new complex material may exhibit chemical/physical properties and functions 
unattainable in the individual components. Because nanocomposite is a very broad area, 




we only cover methodologies of core-shell nanocomposite synthesis. Fabrication of 
hollow particles will also be introduced along with core-shell nanocomposites, for they 
are closely related to each other in a lot of cases. 
 
2.2 Synthesis and Organization of Core-shell Nanostructures 
Particles with core-shell structures often exhibit improved physical and chemical 
properties, and are potentially useful in drug delivery, catalysis, confined-space 
chemical reactors, photonic crystals and so on.
5-7
 As examples, silica shells isolate metal 
and semiconductor particle surfaces from interfacial chemistry;
8-11
 gold shells allow 
covalent attachment of thiol ligands or particles and generate unique optical 
signatures;
12-14
 semiconductor shells increase the quantum yield of semiconductor 
cores;
15
 and polymeric shells aid the compatibility of nanoparticles in polymer 
hosts.
16-18
 Therefore, the controlled synthesis of core-shell nanostructures has thus 
received considerable attention in recent years. Many methodologies have been 
developed which in general can be categorized as template-assisted (including both hard 
and soft templates), and template-free synthesis.
19
 Due to the explosion of publications 
in these two groups which makes it impossible for us to have a complete review, we will 
focus on reviewing methods empolyed in this thesis.  
 
2.2.1 Direct Coating 




Both organic and inorganic materials can be coated directly onto the surface of 
nanoparticles. Figure 2-1 illustrates the synthetic route in direct coating: (1) Preparation 
of core (or hard-template) particles; (2) functionalization or modification of the particle 
surface; (3) coating the particle with target materials or their precursors by various 
approaches; (4) selective removal of core particles to obtain hollow structure, when 
making hollow structures. 
 
 
Figure 2-1 Schematic illustration of a conventional direct coating process, step 4 is for 




Firstly, for polymer-coated particles, the coating techniques (step 2 and 3 in Figure 2-1) 
have been developed into two main classes: polymerization at the particle surface and 
adsorption of polymer onto particles. A number of polymerization-based techniques 









Monomer adsorption-polymerization approach is most frequently used in 
polymerization-based techniques, in which the polymerization reaction can be either 




catalyzed by an initiator to promote the process or by the colloidal particles themselves. 
As a supplementary, people have developed initiator adsorption-polymerization 
approach to achieve polymer coating, which localizes the polymerization reaction and 
has a better control of the core-shell morphology. Figure 2-2 shows examples of these 
two methods. Figure 2-2a is TEM image of SiO2@Polyaniline nanoparticles, in which 
aniline molecules were first adsorbed onto silica surface via electrostatic interactions, 
and polymerization process was then initiated after addition of ammonium persulfate.
24
 
While in Figure 2-2b, oleic acid stabilized Fe2O3 nanoparticles are ligand exchanged 
with 2-bromo-2-methylpropionic acid (Br-MPA), the initiator for ATRP. Then these 
nanoparticles become soluble in styrene and are used as microinitiators, a layer of 















Figure 2-3 Examples of core/shell nanoparticles fabrication routes: (a) Single 
encapsulation, (b) multiple encapsulation, (c) aggregates of core/shell nanoparticles, (d) 










Apart from single encapsulation, multi-cores can be enwrapped into polymer shell.
32
 
Final structures are determined by the stability of nanoparticle suspension or assembled 
structure of nanoparticles, as illustrated in Figure 2-3.
30
 If the central cores are removed, 









Figure 2-5 TEM images of monodispersed SiO2-coated gold nanoparticles. The shell 
thickness are (a, top left) 10 nm, (b, top right) 23 nm, (c, bottom left) 58 nm, and (d, 




Secondly, a lot of endeavors have been put to coat inorganic shells onto nanoparticles, 
making a broad range of materials with different properties. The inorganic deposit 
coating methods can be divided into two classes as well: precipitation and surface 
reactions 
34-36
 and controlled deposition or self-assembly of as-prepared inorganic 
nanoparticles (see section 2.2.2).
5, 21, 37
 Examples of inorganic coatings using 






 and other 
metal or metal oxide materials. Figure 2-5 is TEM images of SiO2-coated Au 
nanoparticles via Sol-gel method, and the thickness of SiO2 can be well-controlled.
8
 The 
chemically inert and optically transparent SiO2 shell can efficiently prevent Au 




nanoparticles from coalescence, and improve their dispersion in other solvents by 
modifying their surface chemistry.   
 
2.2.2 Self-assembly in Core-shell Structure Fabrication 
Self-Assembly refers to the spontaneous formation of organized structures through a 
stochastic process that involves pre-existing components, is reversible, and can be 
controlled by proper design of the components, the environment, and the driving force. 
As an enabling technique for nanotechnology, self-assembly replaces top-down 
fabrication with the possibility of bottom-up fabrication.
58, 59
 
Self-assembly requires that the components must be mobile to move with respect to one 
another. Their steady-state positions balance attractions and repulsions. The driving 
force of self-assembly can be introduced either through intrinsic material properties 
such as magnetic properties, or through extrinsic modifications or inserting functional 
segments into individual building unit such as coating surfactant or polyelectrolyte.
59
 
Self-assembly is enormously explored in every discipline with very different ideas, it is 
beyond the coverage of nanomaterials. In this part, we are going to introduce several 









Table 2-2 Processes Incorporating Self-Assembly
60
 
 Adsorption of multicomponent polymers 
 Cooperative supramolecular self-assembly of surfactant-inorganic mesostructures 
 Grafting of polymers on interfaces 
 Langmuir-Blodgett deposition 
 Layer-by-layer deposition or sequential adsorption 
 Micellar control of reactions 
 Microcontact printing 
 Organizing colloids into arrays and crystals 
 Self-assembly of monolayers 
 Spin and dip coating of supramolecular solutions and dispersions 
 Surface directed ordering of molecules at interfaces (liquid crystals) 
 Surface modification by monolayer or multilayer deposition 
 Templating 
 
A) Electrostatic Interaction Induced Self-assembly 
Electrostatic interaction between charged particles follows Coulomb‟s law which is 
directly proportional to the product of the magnitudes of each of the charges and 
inversely proportional to the square of the distance between the two charges. It is 
introduced as the driving force of layer-by-layer (LbL) in self-assembly techniques.
61, 62
 
Materials such as polyelectrolytes, proteins, nucleic acids, dyes, dendrimers, and 




various inorganic nanoparticles are assembled to construct multi-layer assemblies by 
replacing one of the polyions by a similarly charged species.
61
 Figure 2-6 exemplifies 
the LbL self-assembly technique. In this example, layers of polyelectrolyte and Fe3O4 
nanoparticles with opposite charge are coated on polystyrene spheres. This method 






Figure 2-6 TEM images of pristine PS spheres (a) and PS spheres pre-coated with a 





B) Surface-tension Induced Self-assembly 




Surface tension is the force responsible for a variety of physical phenomena involving 
small volumes of liquid. It has been used to carry out directed operations, in which 
micro-/nanostructures are reconfigured. There are two types of reconfigurations: (1) 
reorientation of precisely located parts into three-dimensional (3-D) structures, and (2) 
aggregation of randomly oriented parts which are known as self-assembly.
64
 In Figure 
2-7, PS/SiO2 core-shell composites are prepared by surface tension induced 
self-assembly. Smaller spheres of Stöber‟s monodispersed SiO2 aggregate onto bigger 
spheres of PS spheres without any surface modification. From thermodynamic point of 
view, this aggregation of randomly oriented SiO2 spheres is caused by decrease in 
interfacial Gibbs free energy, or surface energy which is proportional to interfacial area 
(A) and surface tension (γ).65 When tuning the value of surface tension (γ) by changing 
solvents, SiO2 spheres coverage onto PS spheres can be controlled. 
 
Figure 2-7 Schematic representation of interfacial free energy (G) induced 








C) Surfactant Self-assembly and Soft Templating 
Surfactant molecules are composed of a polar head that compatible with water and a 
nonpolar tail that is compatible with oil. They tend to self-assemble to form aggregates 
in dilute aqueous or oil solutions, so as to achieve segregation of their hydrophobic or 
hydrophilic parts from the environment. Figure 2-8 has illustrated several morphologies 
of molecular architectures from self-assembly. Unlike previous three sections, various 
driving forces are applied in self-assembly of surfactants, which can be electrostatic 
interaction, van der Waals interaction, hydrophobic and hydrophilic effects, etc. The 
aggregates may be spherical, globular, or rodlike or spherical bilayer assembled, 
depending upon the type of surfactant and the solution conditions.
66
  In material 
synthesis, tuning the surfactant concentration to architect final product morphology has 
attracted tremendous experimental studies,
67, 68
 and we will give some examples on 
surfactant self-assembly to fabricate core-shell and multi-shelled structures in this part. 
Actually, surfactant self-assembly is also very crucial to fabrication of mesoporous SiO2, 
which will be introduced in subsection 2.4.3 of SiO2 in more detail.  
The assembled structure of surfactant can serve as morphology and structure „director‟ 
which belongs to the category of „soft-template‟. A variety of soft templates, such as 
copolymer complex micelles, polyelectrolyte aggregates, vesicles, emulsion droplets, 
have been used in the synthesis of hollow/core-shell structures.
7, 68-76
 They have shown 
the advantages in aspects of simple procedures, variability of the template sources and 
easy removal of the templates. 





Figure 2-8 Schematic representation of the structures of surfactant self-assembled 
structure in dilute aqueous solutions. Shown are aggregates that are spherical, globular, 




Figs. 2-9 and 2-10 show a very recent example using surfactant self-assembly and 
soft-templating to obtain yolk-shell particles.
74
 The authors have chosen a surfactant 
mixture which is composed of sodium dodecyl benzenesulfonate (SDBS) and lauryl 
sulfonate betaine (LSB). After introduction of nanoparticles and short vesicle-inducing 
agent of alkyl amine, the local concentration of surfactant around nanoparticles is 
increased because of electrostatic attraction. Then surfactant molecules self-assemble 
near the nanoparticles and encapsulate them inside. Furthermore, surfactant 
self-assemblies can be changed into different geometries when shape of nanoparticles, 
reaction temperature, and pH value are varied.
74, 75, 77
  











Figure 2-10 TEM images of yolk/shell structures encapsulated different kinds of NP 
cores: (a) 90 nm SiO2 NPs, (b) 220 nm SiO2 NPs, (c) 10 nm Au NPs, and (d) 




However, when using surfactant self-assembled structures to template particle growth, 




special attention need to be paid in those experimental variables. Still in the same 
example, when pH value of the system changes from alkaline to acidic, surfactant 
vesicles tend to collapse and form separated NPs and silica particles. 
  
Figure 2-11 (A) Schematic depiction of the self-assembly of nanoparticles and block 
copolymers. (B) TEM image of CdSe@ZnS nanoparticles (4.1 ± 0.4 nm) forming a 




Block copolymer micelles are also applied to encapsulate different nanoparticles in 
recent literatures.
18, 78-81
 In this method, nanoparticles (usually terminated with alkayl 
groups) and amphiphilic block copolymers are initially mixed in a solvent that is 
compatible with all components, and then the polarity of solvent is gradually changed 
by introducing a second solvent (water or DMF) which is not compatible with one block 
in the copolymer. As a result, amphiphilic block copolymer aggregates to form micelles 
which can also template for nanoparticle assembly for their hydrophobic/hydrophilic 
interactions.
18, 80, 81
 Figure 2-11 shows that alkyl-terminated CdSe@ZnS nanoparticles 
can self-assemble into cavity-like structures in PAA-b-PS amphiphilic block copolymer 
core-shell type assemblies.
78
 As this copolymer micelle encapsulation approach is based 
on noncovalent interactions between nanoparticles and copolymer micelles, it can be 
generalized to combinations of various nanoparticles to prepare multifunctional 




core-shell nanocomposites with several desirable properties. 
    
Figure 2-12 SEM and TEM images of multi-shelled SiO2 spheres. Scale-bar: a) 500 nm, 
b) 1 μm, c)-d) 200 nm.82 
 
Apart from core-shell structure fabrication, surfactant assemblies are recently used for 
templating multi-shelled nanoparticle growth.
68, 82-85
 Compared with tedious procedures 
in hard-templating preparation of multi-shelled particles, soft templating method shows 
their outstanding convenience regarding to removal of templates. Figure 2-12 is a 
successful example of surfactant self-assembly templating in fabrication of 
multi-shelled porous SiO2 spheres, which has used thermodynamically stable vesicle 





F127 (EO106PO70EO106). The multi-shelled mesoporous SiO2 has increased the surface 








D) Nanoparticle Self-assembly Induced Core-Shell Structure 
Nanoparticles can self-assembled into certain structure via surface ligands interactions
30
 
or intrinsic properties such as magnetic properties.
86-88
 Their aggregation can template 
the growth of core-shell nanocomposites with unique structures.  
 
Figure 2-13 TEM images of (a) self-assembled Ni@SiO2 core-shell nano-necklace, 





Figure 2-13 exemplifies that linear assembly of Ni nanoparticles induced by magnetic 
interaction can template for the formation of Ni@SiO2 core-shell and yolk-shell 
nanocomposites.
88
 Therefore, necklace-like 1-D nanocomposites are prepared from Ni 
nanoparticles linear assembly. By controlling HCl etching conditions, Ni cores with 
different sizes or hollow SiO2 necklaces are obtained in Figure 2-13 b-d, in which 
Ni@SiO2 yolk-shell nanocomposites are further used as efficient 1-D nanoreactors for 




methane conversion catalysis. 
 
2.3 Ostwald Ripening and Hydrothermal/Solvothermal Method 
2.3.1 Ostwald Ripening 
Oswald Ripening was first described by Wilhelm Ostwald, which refers to the solution 
process in which „the growth of larger crystals from those of smaller size which have a 
higher solubility than the larger ones‟. For crystal materials formed in solutions, 
equilibria are established between solid-liquid interfaces.  
 
Figure 2-14 A schematic illustration (cross-sectional view) of four different shemes of 
Ostwald Ripening in generation of interior spaces for inorganic nanostructures, where 





Owing to the size difference of the crystals, concentration of solute (or growth nutrients) 




across the solution changes. As a result, the homogenization of this concentration will 
eventually eliminate crystallites of smaller sizes with time whilst the growth of large 
ones continues.
89, 90
 The materials inside the solid spheres tend to dissolve, which 
provides the driving force for Ostwald Ripening. This dissolution process could initiate 
at regions either near the surface or around the center of solid particles.
6
 This 
phenomenon has been used in one-step template-free synthesis of hollow structures of a 
wide range of materials in recent years. 
6, 19, 91-95
 Figure 2-14 illustrates various 
architectures for interior space can be achieved via Ostwald Ripening.  
 
Figure 2-15 (A) Schematic illustration (cross-sectional views) of the Ripening process 
and two types (i & ii) of hollow structures. Evolution (TEM images) of TiO2 
nanospheres: (B) 2h (scale bar = 200 nm), (C) 20 h (scale bar = 200 nm), and (D) 50 h 





Figure 2-15 depicts and shows anatase TiO2 hollow nanospheres prepared from a 




solution route as an example.
89, 95
 The starting anatase TiO2 nanocrystallites in spherical 
aggregates are formed with hydrolysis of a diluted TiF4 solution. Nanocrystallites 
located in the central can be evacuated preferentially with prolonged aging under 





2.3.2 Hydrothermal/Solvothermal Synthesis 
Hydrothermal synthesis refers to the chemical reactions proceeded above ambient 
temperature and pressure in a sealed container (autoclave, etc.) using water as solvent. 
In cases of other solvents, the process is defined as solvothermal synthesis. When 
temperature is above water or other solvents critical point in hydrothermal/solvothermal 
reactions, these solvents are in supercritical state, which act like both liquid and gas: the 
interfaces of solids and supercritical fluids lack surface tension, but supercritical fluids 
are able to dissolve more chemical compounds than ambient conditions. Some 
hydrothermal /solvothermal reactions make use of supercritical fluids. However, most 
of the papers simply take advantage of increased solubility and reactivity of reagents at 
elevated temperatures and pressures. Unlike traditional coprecipitation and sol-gel 
methods, the products from hydrothermal/solvothermal reactions usually do not require 
postannealing treatments.
96, 97
 The most important advantages of 
hydrothermal/solvothermal reactions are that they favor the decrease in agglomeration 
between particles, narrow particle size distributions, phase homogeneity, and controlled 







Figure 2-16 shows the relationship of pressure and filling ratio versus temperature for 
pure water. The pressure prevailing under working conditions is determined by the 





Figure 2-16 Diagram of the relationship of pressure and temperature for pure water, 
with the filling factor (degree of fill) of the autoclave as a parameter. The filling factor 





2.4 Brief Introduction to Each Component Material 
Four materials are selected in our nanocomposites preparations, which are TiO2, 
Polyaniline, (mesoporous) SiO2 and Au. Their chemical properties, synthesis and related 
application will be briefly introduced. 
2.4.1 TiO2 and Photocatalysis 




Titanium dioxide (TiO2) is a transitional metal oxide which mainly has four crystal 
structures: anatase, rutile, brookite, and TiO2 (B). Generally, anatase and rutile are most 
investigated owing to their wide applications. Highly crystalline anatase TiO2 
nanoparticles with different sizes and shapes could be obtained with the 
polycondensation of titanium alkoxide in the presence of tetramethylammonium 





Figure 2-17 TEM images of TiO2 nanoparticles prepared by hydrolysis of Ti(OR)4 in 




A series of studies have been conducted on the formation of TiO2 nanoparticles of 




different sizes and shapings by tuning the reaction parameters. Organic amines are used 
as the shape controllers of the TiO2 nanomaterials and act as surfactants. They can act as 
complex agents with Ti(IV) ions to promote the growth of ellipsoidal particles with 
lower aspect ratios. Meanwhile, the shape of TiO2 nanoparticle can also be tuned from 
round-cornered cubes to sharp-edged cubes with sodium oleate and sodium stearate, 




The photoactivity of TiO2 is one of its technologically most attractive properties. 
Creation of electron-hole pairs through irradiation of UV light and chemical or electron 
transfer reactions are at the heart of TiO2-based photodevices applied in a range of areas. 
The components of the electron-hole pair, when transferred across the interface, are 
capable of reducing and oxidizing an adsorbate, forming a singly oxidized electron 
donor and a singly reduced electron acceptor. The photocatalytic reactions are illustrated 
in equations below
104, 105


































·  degradation products 
Dye + TiO2 (h
+
) oxidation products 
Dye + TiO2 (e
-
)  reduction products 



















2.4.2 Polyaniline (PAN) 
A) Polyaniline (PAN) 
Polyaniline is an intrinsically conducting polymer (ICP) which is widely studied over 
the past two decades. Intrinsically conductive polymers (ICPs), in general, also called as 
organic semiconductors or synthetic metals, are polymers with a delocalized π-electron 
system with an “intrinsic” wide band gap that defines their affinity for electrons. 108 
Figure 2-20 provides the conductivity comparison of some intrinsic polymers to liquid 
mercury and copper metal. We can see that some chemically doped polymers are really 
comparable with metals. 
 









The study of PAN is growing continuously which may be illustrated by the data 
collected from web of science: during the period of 1983–1992, there were 1,001 
published papers relative with PAN worldwide; and for the period of 1993–2002, there 
were 5,306 papers; while for the latest period from 2003-2010, a number of 7,730 
papers have been published. This rapid increasing interest of PAN is partly due to its 
simple preparation, environmental stability, controllable electrical conductivity and 
potential applications as a low-cost electrical and optical material (see Table 2-1).
109-112
 
Another important reason is due to the development of nanoscience and nanotechnology, 
especially at the latest period, which has prompted material science to a much higher 
level. 
PAN is usually synthesized by direct chemical oxidation of aniline using strong 
chemical oxidants such as ammonium peroxydisulfate (APS), hydrogen peroxide, 




hypochlorous acid, Iron (III) chloride and some noble-metal salts.
113
 Weak oxidants 
such as cupric acetate, silver nitrate can also be applied to oxidize aniline but with 
assistance from external environment, such as high temperature (hydrothermal reaction), 
or high energy (ultrasonication, γ-ray etc.).109, 114, 115 In addition, electrochemical 
method is also used to get polyaniline with a fine control of initiation and termination 














Other ways such as enzymatic, photo-induced and plasmatic methods can also produce 
PAN.
109, 118-122
 The mechanism of aniline polymerization is shown in Figure 2 proposed 
by Wei et al.
123, 124
 According to the authors‟ explanation, aniline monomers are first 
oxidized to form a dimeric species. Then the dimers are immediately oxidized and 
reacted with monomer via an electrophilic aromatic substitution, followed by further 






Figure 2-20 Mechanism of the polymerization of aniline. 
 
PAN has three oxidation states: leucoemeraldine (LM), emeraldine (EM) and 
pernigraniline (PNA).  They can be expressed in the following general formula:
111
  
[(-B-NH-B-NH-)y(-B-N=Q=N-) 1-y]x.  




When y=1, which is LM, the polymer is fully reduced and all the nitrogen atoms are 
amine, (-NH-); when y=0, the PAN is fully oxidized with all the nitrogen atoms formed 
imine (=N-). When y is 0.5, it is the state of conductive EM. However, when treating 
EM in neutral or alkaline media, a decrease of conductivity by ten orders of magnitude 
will be obtained. Mechanism of polymerization of aniline is proposed in Figure 2-20. 
Along with investigations on polymerization reactions, morphology control of PAN has 
also aroused an intensive endeavor because of its great influence on the physical 
properties. Firstly, various „structural directors‟ have been used, either hard templating 
(polystyrene beads, silica beads, AAO membrane, SBA-15, zeolite etc.) or soft 
templating (micelles, microemulsion, organic dopants) to get diverse 1-D to 3-D 
structures of PAN, such as needle-like, spherical, mesoporous, or nanotube structures, 
etc.
126-128
 Secondly, a template-free interfacial polymerization method has been reported 
by several groups to get uniform sized PAN fibers in a relatively shorter reaction time 
period.
129-132
 In this method, it is found that the diameter of PAN nanofibers can be 
controlled by the concentration of doping acid.  
B) Polyaniline Composites with Metallic or Metal-Containing Components  
The goal for synthesizing PAN-composites is to utilize more effectively of any form of 
PAN and produce new materials that have distinct properties that were not observed in 
the individual components. Preparation methods of composites including: melt mixing, 
mill mixing, solution/dispersion mixing, composite preparation through in situ 
polymerization, composite preparation through electrochemical polymerization and 




composite preparation through thermal reflux method.
109, 110
  
PAN/Metal, PAN/Metal oxides (nitrides) and PAN/organometallic species have been 
synthesized to get an enhanced electron transfer, which is quite important in many fields 
such as catalytic and sensing applications. Since PAN possesses secondary amines and 
tertiary imines in the backbone structure that can bind metal ions, one common 
approach involves the chemical reaction and uptake of metal ions by PAN. In the cases 









 the bound metal ions can be reduced to form zero-valent 
metals without addition of any reducing agent.
133-135
 For cases of metal ions which 




, metal colloids can be prepared in advance and 
mix with aniline during polymerization; or electrochemical method can be used to 
reduce metal ions with the presence of PAN.
136
 Likewise, in the synthesis of 
metal-oxides such as TiO2, V2O5, MoO3, SnO2 and PAN composites, metal species can 
be introduced to the polymer using metal salts followed by the electrochemical, 
chemical, or spontaneous reduction of the metallic species. 
137-140
 Among those metal 
oxides, TiO2 has received much attention due to its unique properties and use in 
applications such as solar cells, photocatalyst, anti-erosion coating. 
  
2.4.3 SiO2-based Materials 
Silica has been used as an ideal host material in areas of adsorption and separation, 
catalysis, sensors and nanomedicine
141-144
 and has been approved safe by the U.S. Food 




and Drug Administration (FDA).
145
 Spherical and ordered mesoporous silica particles 
are two most often used forms of silica materials for their own advantages which will be 
introduced in details in the following subsections.  
A) Monodispersed SiO2 Spheres 
The synthesis of monodispersed SiO2 spheres was reported by Stöber in 1968 using 
sol-gel method, which is later of great value in hard-templating, nano-coating and 
photonic bandgap crystals.
6, 146-148
 In Stöber‟s method, tetraethylorthosilicate (TEOS) 
was hydrolyzed in water-alcohol mixed solvent with ammonia as the catalyst causing 
formation of spherical particles with diameters from 50nm to 2µm. By properly 
adjusting the sol-gel reaction parameters such as pH value, reagents concentrations and 
their mixing speed, and addition of alkaline catalyst, a short burst of nuclei followed by 




The reaction includes following two steps: 
(1) Hydrolysis: 
Si(OR)4 + H2O HO-Si(OR)3 + ROHSi(OH)4 + 4ROH 
(2) Condensation: 
(OR)3Si-OH + HO-Si(OR)3(RO)3Si-O-Si(OR)3 +H2O 
(OR)3Si-OH + RO-Si(OR)3(OR)3Si-O-Si(OR)3 + ROH, 
where R represents the alkyl group.
148
 These two steps can also be illustrated in Figure 
2-22 which explains the formation of a 3-D network of Si-O-Si and the existence of 




hydroxyl groups on the surface of SiO2 particles.  
 
 




B) Mesoporous SiO2 
The discovery of highly ordered mesoporous silica materials by scientists at the Mobil 
Corporation in 1992 has broadened the usages of silica materials to a large extent.
150
 In 
Mobil‟s report, quaternary ammonium cationic surfactants such as 
cetyltrimethylammonium bromide (C16H33N(CH3)3-Br, CTAB) were first used as 
templates to prepare highly ordered M41S mesoporous silicate molecular sieves under 
hydrothermal, basic conditions. These mesoporous silica materials have aroused an 
extensive research on the development of different mesoporous materials and structures, 








Two main pathways, that is, cooperative self-assembly and liquid-crystal templating 
growth, are used in the synthesis of periodic mesoporous SiO2 (Figure 2-22). Route A is 
cooperative self-assembly which bases on the interactions between silicates and 
surfactants to form inorganic-organic mesostructured composites. Route B is 






Figure 2-22 Two synthetic strategies of mesoporous materials: (A) cooperative 




When a silica source is combined with an ionic surfactant such as CTAB in solution, 
processes of siliane hydrolysis reaction, surfactant/silicate self-assembly, and 
transformation of mesophase take place. In alkaline conditions, silicate species which 







 It was reported that surfactant packing is the main 




driving force of phase transformation in hydrothermal conditions from time-resolved 
X-ray diffraction.
154
 When synthesizing MCM-41 at alkaline condition, higher pH 
values (pH=11-12) lead to highly charged anionic silicate species in solution and a 
lower rate of condensation. It has the advantage of separating silicate/surfactant 




2.4.4 Au and Its Catalytic Applications 
AuNPs, which have been known for 2500 years, are widely studied for its synthesis and 
applications. They are the most stable metal nanoparticles, presenting promising aspects 
of size-related catalytic, electronic, magnetic and optical properties, etc.
155
 The size of 
gold nanoparticles will influence their physical properties such as melting point, which 
is shown in Figure 2-23. Apparently, the melting temperature of gold reduces 





Figure 2-23 Relation between the size of gold particles and their melting point.
156, 157
 




Several preparation methods of gold nanoparticles, including wet and dry processes, 
have been developed.
155
 In the wet methods, gold nanoparticle sizes can be controlled 
by choosing many parameters, such as capping agents, complexants, reducing agents, 
their concentrations and temperatures.
158
 The Brust-Schiffrin method for two-phase 
synthesis of AuNPs has a considerable impact in nanoparticle preparation, because it 
introduced facile synthesis of thermally stable and air-stable AuNPs with reduced 
dispersity and controlled size (ranging from 1.5 to 5.2 nm).
159
 The Brust‟s AuNPs can 
be repeatedly isolated and redissolved in common organic solvents without irreversible 
aggregation or decomposition, and they can be easily handled and functionalized just as 
stable organic and molecular compounds.  
The technique of synthesis is inspired by Faraday‟s two-phase system, and uses the thiol 
ligands that strongly bind gold due to the soft character of both Au and S. AuCl4
-
 is 
transferred to toluene using tetraoctylammonium bromide as the phase-transfer reagent 





Figure 2-24 Formation of AuNPs coated with organic shells by reduction of Au
III
 
compounds in the presence of thiols.
160
 




The reaction routes of Brust‟s method are shown below: 
AuCl4
-














 (aq) + [Aum(C12H25SH)n] (C6H5Me)  
Larger thiol/gold mole ratios give smaller average core sizes, and fast reductant addition 
and cooled solutions produced smaller, more monodisperse particles. Moreover, a 
striking feature of thiol-stablized gold particles is their tendency to spontaneously form 
highly ordered superlattices simply by allowing the slow evaporation of the organic 
solvent on a suitable substrate.
155
 AuNPs exhibit high catalytic activity when deposited 
onto metal oxides unlike their bulk counterpart.
161
 In particular, the following reactions 




 CO and H2 oxidation 
 NO reduction 
 Liquid-phase selective oxidation 
 Water-gas shift reaction 
 Hydrogenation of unsaturated hydrocarbons 
 Ozone decomposition 
 Catalytic combustion 
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This chapter briefly introduces material characterization techniques related to the thesis 
work including measurements of crystallographic information, sample morphology and 
surface structure, elemental composition, chemical bonding and specific surface area, 
etc. 
3.1 Powder X-ray Diffraction (XRD) and Small-angle X-ray Scattering 
(SAXS) 
In chapters 4, 5 and 7, crystallographic information is determined using powder X-ray 
diffraction (XRD, Shimadzu, Model 6000, Cu Kα radiation, λ = 1.5406 Å), in which 
X-ray hits sample powders and diffracts into many specific directions. By comparing 
the angles and intensities with a database (JCPDS cards), one can identify the substance 
material and its phase. Small-angle X-ray scattering (SAXS) was used in chapter 6 to 
characterize the pore structure of mesoporous SiO2 particles. SAXS is used to probes 
structure in the nanometer to micrometer range by measuring scattering intensity at 
scattering angles 2θ close to 0o; and it can determine interlayer distances of ordered 
materials, pore sizes, shapes and sizes of macromolecules. The advantage of SAXS over 
crystallography is that the sample is not necessary to be a crystallite. The samples are 
prepared in the form of fine homogeneous powder and a thin smooth layer of the 
samples mounted on a substrate is held in the path of X-rays. The interlayer space (d) of 




the crystal planes or ordered structures can be calculated from Bragg’s equation (λ = 
2dsinθ).1 
 
3.2 Transmission Electron Microscopy (TEM) 
All the Nano- or Mesoparticles in this thesis are observed by transmission electron 
microscopy (JEM-2010 and JEM-2010F) at 200kV to determine their size and structure. 
Owing to the small wavelength of electrons, TEM is capable of imaging at significantly 
higher resolution than light microscopes, even to atomic scales of lattice image.  
During the sample preparation, around 3-5 mg of powder is dispersed into 4 mL of 
ethanol by sonication, and a few drops of its suspension are spread on a 200-mesh 
copper grid coated with carbon films. After ethanol evaporates, the copper grid is ready 
to be placed onto sample holder of the TEM for analysis.  
 
3.3 Field Emission-/ Scanning Electron Microscopy (FE-/SEM) and 
Energy-dispersive X-ray Spectroscopy (EDX) 
Morphological and structure information are obtained from scanning electron 
microscopy (SEM and FESEM; JEOL, JSM-5600LV and JSM-6700F), which works 
supplementarily with TEM especially for texture and surface details observation of 
powders or solid pieces. For FESEM, a field-emission cathode in the electron gun 




provides narrower probing beams resulting in improved resolution and reduced 
charging.
2
 In a typical sample preparation, 3-5 mg of dried powder is spread onto 
double-sided carbon tape which adheres with a copper stub in advance. Carbon tape can 
be replaced by copper tape to prepare sample from well-dispersed suspension, followed 
by solvent evaporation. Then the sample with stub undergoes sputtered platinum coating 
to decrease charging effect if the powder is not conductive. With the assistance of 
energy-dispersive X-ray spectroscopy (EDX or EDS, Oxford instruments, Model 7426), 
FE-/SEM can provide online elemental composition analysis of materials. As the 
electron beam of SEM scans across the sample surface, it induces X-ray fluorescence 
irradiation from sample atoms. The energy of each X-ray photon is a characteristic of 
element under inspection, therefore, material composition and elemental ratio can be 




3.4 X-ray Photoelectron Spectroscopy (XPS) 
Surface analysis (within 10 nm depth) such as chemical state (chapter 4), electronic 
state and composition of the elements (chapter 5) is conducted using a Kratos-Axis 
spectrometer with monochromatic Al Kα (1486.71 eV) X-ray radiation (15 kV and 10 
mA) and hemispherical electron energy analyser. A typical XPS spectrum is a plot of the 
number of electrons versus the binding energy (BE), and each element generates a 
unique set of XPS peaks of BE that can be used to identify surface composition. As the 
number of electrons is proportional to the quantity of each element,
4
 the peak areas or 




peak heights with sensitivity factors can be used to determine element ratios on the 
surface. When preparing powder sample for XPS analysis, around 3 mg of powders are 
spread evenly onto a double-sided tape which adheres with a small piece of glass. Then 
the glass is placed on a steel stub, and several glasses can put together on one stub. The 
XPS spectra of the studied elements are measured with a constant analyzer pass energy 
of 40.0 eV. All BEs are referred to the C 1s peak at 284.6 eV generated from 
adventitious hydrocarbon. 
 
3.5 Fourier Transform Infrared Spectroscopy (FTIR) 
Organic component in nanocomposite is studied by FTIR (FTS-3500ARX, Bio-Rad) in 
all the chapters to characterize polymer or surfactants. It works because chemical bonds 
have specific frequencies at which they vibrate corresponding to energy levels.
5
 
Regarding to powder-form sample preparation, around 1 mg of solid powder is diluted 
by 100 mg of KBr powder, and the mixture is finely ground in a mortar. The ground 
powder mixture is pressed into transparent pellet which is later analyzed at 




3.6 Brunauer-Emmett-Teller (BET) and Barrett−Joyner−Halenda 
(BJH) Methods  




The specific surface area and porosity of TiO2 and mesoporous SiO2 in chapters 5-7 are 
analyzed by BET and BJH methods on automatic volumetric sorption analyzer 
(Quantachrome, NOVA-3000) using physical adsorption of nitrogen at constant 
temperature of -196
o
C provided by liquid nitrogen. Full adsorption and desorption 
isotherm of nitrogen are plotted at relative pressures range from 0 to 1. Sample 
degassing is necessary to remove moisture at proper temperatures according to material 
thermo-stability. Organic components need to be burnt by calcination in furnace before 
BET and BJH measurement.  
 
3.7 Ultraviolet Visible Light Spectroscopy (UV-Vis) 
UV-Vis spectroscopy is absorption spectroscopy in the ultraviolet-visible wavelength 
region. In this project, optical absorption properties of conjugated organic compounds 
and noble metal nanoparticles are analyzed by UV-Vis spectroscopy (Shimadzu, 
UV-2450) for their electron transitions or excitation of plasma resonances. In noble 
metal particle suspension tests, shifts of wavelength or peak broadening occur due to 
size change or polydispersity, respectively.
6
 A small amount of sample powder is first 
dispersed in around 3.5 mL of solvent by ultrasonication, and it is transferred to 
sampling quartz cuvette, while the same solvent is added in the other cuvette as 
reference. 
 




3.8 Thermogravimetric Analysis (TGA) 
The content of organic compounds in our nanocomposites such as surfactant molecules 
and polymers are determined by thermogravimetric analysis (TGA, TA instruments, 
TGA-2050). Mass change happens along with the heating process in TGA for the 
removal of moisture, solvent and organic components. A derivative weight loss curve 
can be used to tell the point at which weight loss is most apparent. In each test, 5-15 mg 
of the powder is heated in ceramic crucible at a rate of 10
o
C/min from room temperature 
up to 900
o
C, with air or nitrogen at 100 mL/min.  
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NANOCOMPOSITES OF ANATASE-POLYANILINE 
PREPARED VIA SELF-ASSEMBLY 
 
4.1 Introduction  
In recent years, the synthesis of composite nanomaterials has received a great deal of 
attention in materials research community because of many potential applications of 
these materials in chemical sensing, catalysis, energy storage, solar cells, and medical 
diagnosis, etc. Nanocomposites are new types of materials that are composed of two or 
more phases of different chemical constituents or structures, and at least one of the 
chemical and/or structural phases is in nanometric dimension.
1-8
 Among the studies for 
different types of nanocomposites, in particular, fabrication of inorganic-organic 
hybrids that consist of highly monodisperse nanoparticles and nanometric polymeric 
matrixes represents a grand challenge in the development of this class of materials. 
1-8
 In 
this regard, a considerable research endeavor has been devoted to searching novel 
synthetic approaches for metal-polymer or metal-oxide-polymer nanocomposites.
1-8
 For 
example, polymerization has been carried out in presence of freestanding inorganic 
micro- or nanoparticulate spheres, resulting in formation of inorganic/organic core/shell 
structures.
9, 10
 On the other hand, inorganic nanoparticles of metals or metal-oxides have 
also been grown directly onto different polymeric substrates during the polymerization 
reactions.
11, 12
 Furthermore, both inorganic and organic phases can be fabricated 
simultaneously in many “one-pot” syntheses.13, 14 In pursuing this research, however, 




we recognize that other newer approaches may still be attainable by taking advantage of 
the nanochemistry of inorganic particles and polymeric particles and fibers,
15-23
 
especially when applying self-assembly strategy and synthetic architecture.
24, 25
 
With presynthesized inorganic nanoparticles as starting building units, for instance, 
hybrid nanocomposites likely could be prepared in a tailoring manner, because 
numerous types of inorganic nanoparticles such as noble metals, transition metals, and 
their metal-oxides can now be synthesized rather routinely through solution-based 
reactions. Apart from the availability of synthetic methods for these inorganic building 
units, nevertheless, there are several important fundamental issues that must be 
addressed urgently in order to adopt a self-assembly strategy and synthetic architecture 
for hybrid nanocomposites.
24, 25
 First, methods for internal inclusion and/or external 
attachment of monodisperse inorganic nanoparticles should be developed. Second, 
physicochemical interactions between the inorganic nanoparticles and organic matrixes 
(e.g., polymeric macromolecules) must be investigated. Third, dispersion and/or 
aggregation of inorganic nanoparticles distributed inside or outside the organic matrixes 
need to be studied. Fourth, factors that dictate overall product structures as well as 
morphologies of organic phase(s) upon various synthetic parameters should also be 
examined. It is conceived that better control over structural and chemical properties of 
hybrid nanocomposites could be obtained, when new findings from the above 
investigations are in place. 
In this chapter, we selected anatase and polyaniline, 
26-34
  which are among the most 
studied functional materials over the past 25 years owing to their remarkable 
physicochemical properties and technological applications, as a model pair to test new 
process feasibility. More specifically, as described in Figure 1, in this work we have 




developed three types of anatase-polyaniline nanocomposites in which (i) aggregates of 
monodisperse TiO2 nanoparticles function as a threadlike template for three-
dimensional growth of polyaniline phase and cablelike ligaments in resultant 
frameworks, (ii) monodisperse TiO2 nanoparticles are evenly distributed in polyaniline 
networks, and (iii) TiO2/polyaniline core/shell structures are interconnected to form 
three-dimensional networks. Because TiO2 nanobuilding blocks can be prefabricated 
and preorganized, and the structure and morphology of polyaniline phase can be tailored 
with many synthetic parameters, the present self-assembly approach allows one to have 
a precise control over both chemical composition and product structure. 
 
4.2 Experimental Section 
 
4.2.1. Synthesis of TiO2 Nanoparticle Suspension 
The suspension of monodisperse TiO2 nanoparticles was prepared according to a 
reported process with additional modifications.
35, 36
 Briefly, 0.1 mL of tert-butylamine 
was added to 10.0 mL of deionized water. Meanwhile, 0.15 g of Ti-n-propoxide (98%, 
Alfa Aesar) and 6.0 mL of oleic acid [CH3(CH2)7CH=CH(CH2)7COOH, 90%, Alfa 
Aesar] were added to 10.0 mL of toluene or cyclohexane solvent. The above two phases 
were then mixed and transferred to a Teflon-lined stainless steel autoclave. 
Solvothermal synthesis was conducted at 180 °C for 4 h in an electric oven. When the 
reaction was completed, the organic phase was extracted and added in an equal volume 
of methanol to sedimentate TiO2 nanoparticles. After centrifugation, methanol was 
removed and TiO2 nanoparticles were redispersed into 8.0 mL of toluene or 
cyclohexane solvent. 




4.2.2. Preparation of Networklike Assemblages of TiO2 Nanoparticles.  
In this part of the study, 0.5 mL of the aboveprepared TiO2 nanoparticle suspension (in 
toluene) was added to 5.0 mL of ethanol, followed by an ultrasonication for 5 min at 
room temperature. In a modified way, 3.0 mL of the above TiO2 nanoparticle 
suspension (in cyclohexane) was added to a cosolvent solution made from 26.0 mL of 
ethanol and 1.0 mL of deionized water, followed by ultrasonication for 4 h at room 
temperature. The thus-prepared suspensions were ready for transmission electron 
microscopy investigation and other materials characterization (see subsection 2.9). 
 
4.2.3. Synthesis of Networklike TiO2-in-Polyaniline.  
In a typical experiment, 1.0 mL of HCl aqueous solution (0.61-1.21 M) which contained 
0.156 g of ammonium peroxydisulfate [(NH4)2S2O8, APS, 98%, Alfa Aesar] was added 
to 26.0 mL of ethanol solvent in a wide-mouthed bottle (volume capacity 100mL). After 
the bottle was gently shaken, 3.0 mL of the aboveprepared TiO2 nanoparticle 
suspension (in toluene; subsection 2.1) which contained 0.05 mL of aniline (99+%, Alfa 
Aesar) was poured into the water-ethanol solution. The whole bottle turned cloudy 
white immediately. Polymerization reactions were carried out for 2 min to 12.5 h in an 
ultrasonic water bath. Final products were washed with ethanol and deionized water 
several times before further characterizations. 
 
4.2.4. Effect of Self-Assembled TiO2 Nanoparticles on Morphology of Polyaniline.  




In this set of experiments, 1.0mL of HCl aqueous solution (1.21M) which contained 
0.156 g of APS was added to 26.0mL of ethanol solvent in a wide-mouthed bottle 
(volume capacity 100mL). After the bottle was gently shaken, 3.0 mL of toluene which 
contained 0.05 mL of aniline or 3.0 mL of the above-prepared TiO2 nanoparticle 
suspension (in toluene; subsection 2.1) which also contained 0.05mLof aniline was 
poured respectively into the water-ethanol solution. Polymerization reactions were 
carried out for 12 h in an ultrasonic water bath at room temperature. Final products were 
washed with ethanol and deionized water several times prior to further characterizations. 
 
4.2.5. Effect of the Amount of TiO2 on the Morphology of TiO2-in-Polyaniline.  
In this study, 1.0 mL of HCl aqueous solution (1.21 M) which contained 0.156 g of APS 
was added to 30.0 mL of ethanol solvent in a wide-mouthed bottle (100 mL volume 
capacity), followed by gentle shaking. Afterward, 0.1, 0.5, and 1.0 mL of the TiO2 
nanoparticle suspension (in toluene) were mixed with 2.9, 2.5, and 2.0 mL of toluene, 
respectively, in a 4.0 mL sample vial; another 4.0 mL of the as-prepared TiO2 
nanoparticle suspension (in toluene) was also synthesized for this series of comparative 
experiments. Then 0.05 mL of aniline was added to each vial. These TiO2 nanoparticle 
suspensions containing 0.05 mL aniline were then poured into the aforementioned 
water-ethanol solution. Polymerization reactions were continued under sonication for 4 
h. The final products were washed with ethanol and deionized water several times prior 
to materials characterization. 
 
4.2.6. Solvent Effect on the TiO2 Distribution in the Polyaniline Phase.  




In this investigation, 2.0-15.0 mL of cyclohexane was added to 15.0-30.0 mL of ethanol. 
Other synthetic parameters were kept identical to those used in the synthesis of 
networklike TiO2-in-polyaniline (subsection 2.3: 0.156 g of APS, 1.0 mL of aqueous 
HCl (1.21 M), 0.05 mL of aniline mixed in 3.0 mL of TiO2 nanoparticles dispersed in 
cyclohexane; sonication (reaction) time was set identically at 4 h). Note that with a 
higher volume of cyclohexane (10.0-15.0 mL), the polarity of the mixed solvents was 
reduced. 
 
4.2.7. Synthesis of Interconnected Spherelike TiO2-at-Polyaniline.  
In our experiments, 1.0 mL of HCl aqueous solution (1.21 M) which contained 0.10-
0.156 g of APS was added to 26.0 mL of ethanol solvent in a wide-mouthed bottle 
(volume capacity 100 mL). After the bottle was gently shaken, 3.0 mL of the above-
prepared TiO2 nanoparticle suspension (in cyclohexane; subsection 2.1) which 
contained 0.033-0.05 mL of aniline was poured into the water-ethanol solution. 
Polymerization reactions were carried out in a sealed Teflon-liner for 9-12 h in an 
ultrasonic water bath set at room temperature. Final products were washed with ethanol 
and deionized water several times prior to materials characterization. 
 
4.2.8. Surfactant Effect on the Morphology of TiO2-in-Polyaniline.  
Three different surfactants were tested in this study. (i) Polyoxyethylene (20) sorbitan 
monolaurate (Tween-20, ACROS): 1.0 mL of HCl aqueous solution (1.21 M) which 
contained 0.156 g of APS was added to 26.0 mL of ethanol solvent in a wide-mouthed 
bottle (volume capacity 100 mL). After the bottle was gently shaken, 3.0 mL of the 




above-prepared TiO2 nanoparticle suspension (in cyclohexane; subsection 2.1) which 
contained 0.05 mL of aniline was poured into the water-ethanol solution, followed by 
addition of 2.0 mL of Tween-20. The whole bottle turned cloudy white immediately. 
Polymerization reactions were carried out at room temperature for 21 h with magnetic 
stirring. (ii) Polyvinyl alcohol (PVA, 99%, Sino Chemical Co): 0.2 g of PVA was 
dissolved in 30.0 mL of ethanol in a wide-mouthed bottle (volume capacity 100 mL). 
Afterward, 1.0 mL of HCl aqueous solution (1.21 M) which contained 0.156 g of APS 
was added to the prepared PVA solution. After the bottle was gently shaken, 3.0 mL of 
the above-prepared TiO2 nanoparticle suspension (in cyclohexane; subsection 2.1) 
which contained 0.05 mL of aniline was poured into the water-ethanol solution. 
Polymerization reactions were carried out under sonication at room temperature for 12 h. 
(iii) Hexadecyltrimethylammonium bromide (C19H42BrN, CTAB, ≥96.0%, Fluka): 0.15 
g of CTAB was dissolved in 30.0 mL ethanol in a wide-mouthed bottle (volume 
capacity 100 mL). Afterward, 1.0 mL of HCl aqueous solution (1.21 M) which 
contained 0.156 g of APS was added to the prepared CTAB solution. After the bottle 
was gently shaken, 3.0 mL of the above-prepared TiO2 nanoparticle suspension (in 
cyclohexane; subsection 2.1) which contained 0.05 mL of aniline was poured into the 
water-ethanol solution. Polymerization reactions were carried out at room temperature 
for 4 h with magnetic stirring. All the prepared samples were washed with ethanol and 
deionized water several times before materials characterization. 
 
4.2.9. Materials Characterization  
The crystal phase of the above obtained products was determined with powder X-ray 
diffraction (XRD, Shimadzu XRD-6000, Cu Kα radiation), and their structure and 




morphology were investigated by transmission electron microscopy (TEM, JEM-2010). 
The composition of the products was studied with Fourier transform infrared 
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS; AXIS-HSi, Kratos 
Analytical). The weight ratio between the inorganic and organic phases was determined 
by thermogravimetric analysis (TGA, with air as a background atmosphere). Optical 
absorption properties of samples were investigated with a UV-vis spectrophotometer 
(Shimadzu UV-2450). 
 
4.3 Results and Discussion 
Figure 4-1 schematically illustrates three types of anatase polyaniline nanocomposites 
synthesized in this work, starting from self-assembled TiO2 nanoparticles. The basic 
idea herein is to use nanoparticle assemblies as templates on which polymerization can 
take place. Anatase TiO2 nanoparticles used as starting building blocks (Figure 4-1a) in 
our syntheses are displayed in Figure 4-2a. As can be seen, these oxide nanoparticles are 
freestanding in nonpolar solvent toluene, with a particle size distribution in the range of 
3- 6 nm.The inter particle distances are in the same order, because of the presence of 




It is interesting to note that these freestanding nanoparticles self-assemble into three-
dimensional (3D) networklike aggregates when polar solvent molecules (such as 
ethanol) are added. For example, Figure 4-2b,c shows the 3D networks assembled from 
TiO2 toluene cosolvent (subsection 4.2.2). Depending on the amount of solvent ratio 
between toluene and ethanol, in such a case, threadlike aggregates (also refer to Figure 
4-1b) are interconnected three-dimensionally with average diameters of ca. 30-60 nm 




through van der Waals interactions among their surface oleic carboxylate headgroups. 
On the other hand, interconnected spherical assemblage of TiO2 nanoparticles (i.e., 
Figure 4-1c) can be obtained when the cosolvent system is switched to water-ethanol-
cyclohexane (subsection 4.2.2), as demonstrated in Figure 4-2d. 
 
 
Figure 4-1 A schematic drawing illustrates assembly growth processes for syntheses of 
TiO2-polyaniline  nanocomposites: (a) freestanding TiO2 nanoparticles; (b) threadlike 
assemblage of TiO2 nanoparticles, (c) interconnected spherelike assemblage of TiO2 
nanoparticles, (i) TiO2-in-polyaniline nanocomposite (cable type); (ii) TiO2-in-
polyaniline nanocomposite (evenly distributed type); (iii) TiO2-at-polyaniline 
nanocomposite (interconnected core/shell type). Small white spheres represent the TiO2 
nanoparticles, and a light green color indicates the polyaniline phase. 
 
 





Figure 4-2 TEM images of as-prepared freestanding TiO2 nanoparticles (a), threadlike 
assemblage of TiO2 nanoparticles (b,c), and interconnected spherical assemblage of 
TiO2 nanoparticles (d); also see subsection 2.1 and 2.2. 
 
It is important to mention that two major cosolvent systems (water-ethanol-toluene, and 
water-ethanol-cyclohexane; see Experimental Section) used in our work are all highly 
miscible, and as-prepared anatase-polyaniline nanocomposites are well dispersed in all 
these cosolvents. Nevertheless, because of different kinds of solvent natures, existence 
of solution inhomogeneity (i.e. microheterogeneity) in final cosolvent systems should 
be considered. 
37-40
 Using Raman technique, small-angle X-ray scattering, and 
molecular dynamics simulations, for example, it had been found in recent years that 
solution microheterogeneities (i.e., localized compositional variations which differ from 
the average ones) are also present in apparently infinitely miscible cosolvents such as 




alcohols and water, etc., and organic alcohol molecules have a tendency to form clusters 
in dilute aqueous solution.
37-40
  
Under our forming conditions of polyaniline, the above self-assembled TiO2 aggregates 
serve as soft templates for deposition of polyaniline phase. This point is further 
demonstrated in a set of time-dependent experiments reported in Figure 4-3. Prior to 
formation of polyaniline, aniline monomers were „stored‟ inside the TiO2 nanoparticle 
suspension in advance, noting that both toluene and cyclohexane are good organic 
solvents for aniline to dissolve. Once the aniline and TiO2 mixture was poured into 
APS-HCl solution (made from water and ethanol), it is expected that there always exist 
microscopic solution inhomogeneities though water-ethaol-toluene can form 
macroscopically miscible cosolvents. For example, it is understandable that aniline 
monomers would associate preferably with nonpolar organics (toluene and oleic 
carboxylate headgroups of the TiO2 nanoparticles) through hydrophobic interactions (or 
“like dissolves like”). However, driven by the stirring and polymerization, aniline 
molecules and TiO2 nanoparticles were brought to react with the initiator molecules 
APS that would prefer to stay with polar molecules (i.e., water and ethanol in the 
present case). In the beginning, the self-assembled TiO2 aggregative threads still largely 
remained their structural integrity (Figure 4-3a; 2 min), and the structural ligaments in 
this network slowly swelled because of an initial insertion of polyaniline (Figure 4-3b; 
20 min). After an induction period of ca. 35 min, as a result, the above mixture changed 
its color from white to blue, indicating the polymerization reaction had taken place at a 
significant rate. The average ligament diameter of this series of TiO2-in-polyaniline 
composite networks expanded from 30-50 to 60-70 nm during the first 45 min (Figure 
4-3c). A prolonged aging caused an enrichment of TiO2 nanoparticles in the central part 
of ligaments, resembling a coaxial cablelike structure (Figure 4-3d,e, 10h; also see 




Figure 4-1i), and a three-dimensional anatase-polyaniline network was fully developed 




Figure 4-3 Formation process (subsection 4.2.3): TEM inages of TiO2-in-polyaniline 
nanocomposite products after 2 min (a), 20 min (b), 45 min (c), 10 h (d, e), 12.5 h (f) of 
polymerization reaction (see subsection 4.2.3). 





Figure 4-4 Materials characterization of as-prepared TiO2-in-polyaniline 
nanocomposites: (a) FTIR spectrum; (b) XRD patterns [TiO2 nanoparticles inside the 
polyaniline nanofibers (anatase phase, indicated by red Miller indexes; the sharp peak 
lines are from Al sample holder)]; (c) TGA/DrTGA results. 
 




Fingerprint absorptions of polyaniline in the anatase-polyaniline nanocomposites can be 
observed in our IR investigation, as reported in Figure 4-4a. For example, the 
absorptions at 1587 and 1504 cm
-1
 can be assigned to the stretching vibrations of 
quininoid and benzenoid rings, respectively. 
41
 The peaks at 1303 and 1249 cm
-1
 belong 
to C-N and protonated C-N stretching modes, and the peaks at 1148 and 829 cm
-1
 are 
assigned to in-plane and out-of-plane bending modes of C-H, respectively.
41
 On the 
other hand, the absorptions at lower wavelengths belong to the Ti-O and Ti-O-Ti 
vibration modes of TiO2. Although our XRD pattern for the anatase-polyaniline 
nanocomposites is generally rather weak (due to ultrafine TiO2 nanoparticles), the XRD 
patterns can be assigned perfectly to tetragonal anatase TiO2 (space group: I41/amd; a0= 
3.79Å and c0 =9.51Å; JCPDS file no. 21-1272) while the polyaniline phase in these 
composites does not show crystalline characteristics, as reported in Figure 4-4b. 
Therefore, in this low temperature approach, no alternation of anatase TiO2 phase in the 
composites is confirmed. The actual contents of TiO2 nanoparticles and polyaniline 
phase in our composites can be further determined by TGA technique after removal of 
polyaniline phase at elevated temperatures in oxygen (or in air). For example, weight of 
TiO2 phase in the sample of Figure 4-4c is 28.2%. 
Surface composition of the anatase-polyaniline nanocomposites was also investigated 
with XPS. In Figure 5a, the large C 1s peak at 284.6 eV is assigned to polyaniline 
backbones while the small peaks at 286.3 and 288.6 eV to hydroxyl carbon and 
carboxylate/carbonate anions on the nanocomposites, respectively.
35
 In particular, the N 
1s spectrum of Figure 5b reveals four N species in the doped polyaniline, i.e., quininoid 
imine –N= at 398.2 eV, benzenoid amine –NH- at 399.0 eV, and positively charged 
nitrogens -HN
·+
- and –N+= at 400.1 and 401.1 eV, respectively.42 The O 1s spectrum of 




Figure 5c shows three peaks at 530.8, 531.7 and 533.0 eV; these peaks can be attributed 




Figure 4-5 Chemical analysis and optical properties of TiO2-in-polyaniline 
nanocomposites: (a) XPS spectrum of C 1s; (b) XPS spectrum of N 1s; (c) XPS 
spectrum of O 1s; (d) XPS spectrum of Ti 2p; (e) UV-Vis spectrum of representative 
TiO2-in-polyaniline nanocomposite. 
 
Consistent with the final product structures shown in Figure 4-3e,f, the centrally located 
TiO2 phase cannot be observed in this surface analysis, because of limited probing 
depth of XPS technique. While the XRD pattern of TiO2 nanoparticles can be measured, 
in Figure 5c,d, both lattice oxygen (O 1s peak, normally at around 529.7 eV for TiO2) 
and Ti 2p photoelectrons of anatase TiO2 are not detectable.
35
 This bulk/surface 
combined investigation indicates that the surface region of this coaxial cable structure is 
only comprised of polyaniline, and the preassembled TiO2 network (Figure 4-1 and 4-2) 
serves as the template for deposition and growth of polyaniline phase. Ti 2p 








nm is assigned to π-π* transition in the benzenoid rings, and the absorptions at 440 and 
ca. 700 nm are ascribed to polaron-π* transition and polaron-π transition (Figure 4-5e), 
43
 respectively. The polaron-π transition in the composite sample at ca. 700nm confirms 
the formation of doped polyaniline (i.e., emeraldine salt). 
 
Figure 4-6 Effect of network-like self-assembled TiO2 nanoparticles on final product 
morphologies: (a and b) in the absence of network-like self-assembled TiO2 
nanoparticles; (c and d) with the presence of network-like self-assembled TiO2 
nanoparticles in synthesis (subsection 2.4). 
 
To further investigate the templating role of the self-assembled TiO2 nanoparticles, we 
also carried out comparative tests, and the results are displayed in Figure 4-6. As can be 
seen, when the TiO2 nanoparticles were absent in synthesis, polyaniline product took an 
irregular rough morphology and the product particles were much bigger (Figure 4-6a, b). 
In contrast, uniform anastase-polyaniline composites with smooth polymeric skins 




could be prepared with the presence of the TiO2 nanoparticles when other synthetic 
parameters were kept identical (Figure 4-6c, d). On the basis of these observations 
(Figure 4-2, 4-3, and 4-6), therefore, we conclude that the TiO2 nanoparticles actually 
help to direct the growth of polyaniline phase, while they act as functional component in 
the nanocomposites. 
It should be noted that in the current binary nanocomposites, the inorganic phase TiO2 
had been presynthesized into nanoparticles. Therefore, the composition of any 
nanocomposites would simply depend on the amount of TiO2 nanocomposites added, if 
the polyaniline phase was fixed. In order to demonstrate control for this inorganic phase, 
the content of TiO2 nanoparticles in the composites had also been varied. As shown in 
Figure 4-7a, when there were no TiO2 nanoparticles (see Figure 4-6a, b) or just a small 
volume (0.1 mL) of TiO2 nanoparticle suspension (Figure 4-7a), final products would 
have irregular morphologies. For the samples shown in Figure 4-7a, b, TiO2 
nanoparticles were located at the centers of the polyaniline matrixes. In particular, 
thickness of polyaniline surface phase decreased from ca. 60 to 45 nm when the volume 
of TiO2 nanoparticle suspension was increased from 0.1 to 0.5 mL in the synthesis, and 
the TiO2 threadlike aggregate became more continuous when more TiO2 nanoparticles 
were introduced. 





Figure 4-7 Effect of amount of TiO2 nanoparticles on TiO2-in-polyaniline products: (a) 
0.1mL of TiO2 nanoparticle suspension (in toluene) +2.9 mL of Toluene; (b) 0.5 mL of 
TiO2 nanoparticle suspension (in toluene) +2.5 mL of Toluene; (c) 1.0 mL of TiO2 
nanoparticle suspension (in toluene) +2.0 mL of Toluene; (d) 4.0 mL of TiO2 
nanoparticle suspension (in toluene) + 0 mL of Toluene. Other synthetic parameters 
were identical and reaction time (under ultrasonic conditions) was set at 4 h in all cases 
(subsection 4.2.5).  
 
This trend is further confirmed with the synthesis reported in Figure 4-7c, in which the 
polyaniline shell was further thinned to ca. 20 nm when 1.0 mL of TiO2 nanoparticle 
suspension was involved in the same polymerization process. More importantly, when a 
large amount of TiO2 suspension was added (e.g., 4.0 mL ,Figure 4-7d), the polymeric 
shell disappeared and a structural transformation from the cable-like nanocomposites to 
the evenly distributed type (Figure 4-1 ii) had virtually taken place; the sample in Figure 
4-7d still looked dark green and showed no difference from other samples by 
macroscopic observation. In such a case, the TiO2 nanopartices were imbedded in a 




limited polyaniline matrix. Furthermore, it should also be pointed out that a more 
nonpolar solvent was used in the synthesis of Figure 4-7d (i.e., 4 mL instead of 3 mL of 
toluene was used), which would also encourage formation of nanocomposites that did 
not have a distinguishable polymeric shell (Figure 4-1 ii); this point will be further 
addressed in Figure 4-8. Therefore, through this set of experiments, we have 
demonstrated that the content of TiO2 nanoparticles in targeted anatase-polyaniline 
composites can be adjusted in a predetermined fashion. 
Apart from the preparation of cable-type anatase-polyaniline composites (Figure 4-1 i), 
we are able to synthesize another type of anatase-polyaniline composite in which TiO2 
nanopartices are more evenly distributed in the polyaniline matrixes (Figure 4-1 ii) as 
demonstrated in Figure 4-7d. It has been discussed that the TiO2 nanoparticles, which 
are capped with oleic carboxylate headgroups, can be dispersed homogeneously in 
nonpolar solvents such as toluene (Figure 4-2a) and cyclohexane (not shown) but 
formed into threadlike and interconnected spherical three-dimensional aggregates with 
addition of polar solvent ethanol (Figure 4-2b to d). In association with dispersion of 
TiO2 nanoparticles, the effect of solvent polarity has also been examined in Figure 4-8. 
By adding more nonpolar solvent cyclohexane to our cosolvent system, interestingly, 
we observed a sequential loosening of aggregative state of the TiO2 nanoparticles 
because of an increase in nonpolar molecules and thus a better dispersion of TiO2 
nanoparticles. 





Figure 4-8 Solvent effect on distribution of TiO2 nanoparticles in the polyaniline phase: 
(a) 30.0mL of ethanol + 0 mL of cyclohexane; (b) 28.0mL of ethanol + 2.0 mL of 
cyclohexane; (c) 15.0mL of ethanol + 15.0 mL of cyclohexane. Other synthetic 
parameters were identical, and reaction time (under ultrasonic conditions) was set at 4 h 
in all cases (subsection 4.2.6). 
 
For example, when there was no or a small volume (0 or 2.0 mL) of additional 
cyclohexane in synthesis, the basic cable-like structure of anatase-polyaniline 
composites could still be maintained (Figure 4-8a, b) although the thickness of the 
polymeric shell was slightly reduced with the addition of the nonpolar molecules 
(Figure 4-8b). With more cyclohexane used in the synthesis, the overall ratio of polar 
solvents to nonpolar solvent was reduced in the cosolvent system. Instead of forming 
cable-like structures (Figure 4-1 i), the TiO2 nanoparticles could now be distributed 
more evenly in the polyaniline network (Figure 4-1 ii), as reported in Figure 4-8c, d. 
Clearly, the distribution of TiO2 nanoparticles in polyaniline phase can be controlled by 




tailoring overall composition of cosolvents. However, the regularity of this latter type of 
TiO2-in-polyaniline composites was not as good, because it was more difficult for TiO2 
nanoparticles to self-assemble into aggregative structures for polyaniline deposition 
when nonpolar solvent molecules became abundant (e.g., Figure 4-8d). 
In the above syntheses, the cosolvent systems used were either water-ethanol-toluene 
(Figure 4-3 to 4-7) or water-ethanol-cyclohexane (Figure 4-8). By replacing toluene 
with cyclohexane, we have found that the TiO2 nanoparticles tend to form 
interconnected spherical types of aggregations (Figure 4-2d). With this aggregative 
template, therefore, we are also able to prepare a third type of anatase-polyaniline 
composites in the present work (i.e., interconnected core/shell structure, Figure 4-1 iii). 
In Figure 4-9, spherical aggregates of TiO2 nanoparticles started to form in the TiO2-
polyaniline composites, even when the reactants (aniline monomers and APS) used for 
polymerization were rather limited. Interconnected core/shell nanocomposites of TiO2-
at-polyaniline could be obtained with more precursor compounds of polyaniline and a 
longer reaction time. In Figure 4-10, spherically isolated cores of TiO2 nanoparticle 
aggregates can be well recognized, together with their adjacent polyaniline shells. The 
diameters of these spherical aggregate cores are about 100-200 nm, and the thickness of 
polymer shells is about 30-40 nm. Those individual cores were connected by polymer 
shells. Depending on the actual ratios of TiO2 to polyaniline, the TiO2 cores could be 
either continuous or isolated, as shown in Figure 4-9 and 4-10, respectively. 





Figure 4-9 TEM images (a-d) of interconnected nanocomposites of TiO2-at-polyaniline 
(with thin polyaniline shells): 0.10 g of APS + 0.033 mL of aniline. Other synthetic 
parameters were identical, and reaction time (under ultrasonic conditions) was set at 9 h 
in this case. (subsection 4.2.7). 
 
On the basis of results of Figures 4-2d, we have known that TiO2 nanoparticles had a 
tendency of forming spherical aggregates under our synthetic conditions (i.e., using 
water-ethanol-cyclohexane as cosolvents). Once again, it is believed that the 
aggregative forms of TiO2 nanoparticles would serve as soft templates for the 
polymerization of aniline. 





Figure 4-10 TEM images (a-d) of interconnected nanocomposites of TiO2-at-
polyaniline (with sharp core/shell structure): 0.156 g of APS + 0.05 mL of aniline. 
Other synthetic parameters were identical, and reaction time (under ultrasonic 
conditions) was set at 12 h in this case (subsection 4.2.7). 
 
In addition to the cosolvents tested in the above syntheses, we have also added different 
organic surfactants in our preparations of anatase-polyaniline nanocomposites and 
found that both nonionic and ionic surfactants can also alter the product morphologies 
effectively. The results of this preliminary investigation are displayed in Figure 4-11.  





Figure 4-11 Surfactant-assisted syntheses of TiO2-in-polyaniline nanocomposites (TEM 
images): (a and b) assisted with Tween-20; (c and d) assisted with PVA; (e and f) 
assisted with CTAB. Experimental details can be found in subsection 4.2.8. 
 
With addition of nonionic surfactants Tween-20 or PVA to the syntheses using water-
ethanol-cyclohexane as cosolvents, cable-like anatase-polyaniline composites could 
now be obtained (Figure 4-11a-d), noting that the size and morphology of product 




composites were varied significantly (Figure 4-11a,b versus Figure 4-11c,d). On the 
other hand, when ionic surfactant CTAB was added to the same cosolvents, uniform 
anatase-polyaniline nanocomposites with very fine ligament diameters could be 
prepared (Figure 4-1 ii and 4-11 e, f). Apparently, the addition of surfactant molecules 
to the synthesis might create additional solution inhomogeneity (e.g., such as micelle 
formation), salvation effect, and surface activation/ passivation for growing of 
polyaniline. Furthermore, partial substitution of organic capping on TiO2 nanoparticles 
might also take place. Despite high complexity of these issues, an in-depth investigation 
will be needed in the future, as it could open new avenues for general fabrication of 
inorganic-organic nanocomposites via self-assembly. 
 
4.4 Conclusions 
In summary, we have devised a self-assembly method for solution-based synthesis of 
anatase-polyaniline nanocomposites. Starting with presynthesized monodisperse TiO2 
nanoparticles as primary building blocks, different aggregative forms of TiO2 
nanoparticles self-assemble into three-dimensional network-like aggregates when 
ethanol-toluene or water-ethanol-toluene is used, whereas interconnected spherical 
assemblages of TiO2 nanoparticles can be obtained when the cosolvent is changed to 
water-ethanol-cyclohexane. The self-assembled TiO2 aggregates can serve as soft 
templates for deposition of polyanline, as investigated in our time-dependent and 
comparative experiments. Because inorganic-phase TiO2 has been presynthesized into 
nanoparticles, the composition of any nanocomposites depends simply on the amount of 
TiO2 added, and the structural transformation from cable-like to evenly distributed type 
nanocomposites can be realized with an increase of TiO2 content in water-ethanol-




toluene cosolvent. By adding more cyclohexane in the water-ethanol-cyclohexane, on 
the other hand, sequential loosening of aggregative state of TiO2 nanoparticles can be 
achieved because of the presence of more nonpolar molecules and better dispersibility 
of TiO2 nanoparticles. Therefore, the distribution of TiO2 nanoparticles tend to form 
interconnected spherical aggregates in water-ethanol-cyclohexane, core/shell structures 
of anatase-polyaniline nanocomposites can be prepared with this soft template. By 
adding nonionic surfactants such as Tween-20 or PVA into the above water-ethanol-
cyclohexane cosolvents, size and morphology of cable-like anatase-polyaniline 
nanocomposites can be varied significantly, while uniform anatase-polyaniline 
nanocomposites with fairly fine ligament diameters can be prepared when ionic 
surfactant CTAB is added to the same cosolvents. 
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MULTIFUNCTIONAL ROLES OF TiO2 
NANOPARTICLES FOR ARCHITECTURE OF COMPLEX 
CORE-SHELLS AND HOLLOW SPHERES OF 
SiO2-TiO2-POLYANILINE SYSTEM 
 
5.1 Introduction  
Over the past 15 years or so, structural and compositional architecture of core-shell 
materials have received significant research attention,
1-37
 because of their importance to 
the development of nanotechnology in the areas of energy storage systems, drug 
delivery carriers, composite catalysts, photonic crystals, plasmonics derives, magnetic 
imaging agents, low κ-dielctrics, chemical and optical sensors, and protected functional 
materials.
1-37
 There have been a great number of synthetic strategies developed for this 
class of novel materials.
1-37
 For instance, heteroepitaxial growth has been commonly 
adopted for fabrication of II-VI semiconductor quantum dots with multiple shells.
25, 26, 28
 
Because basic crystallographic structures of these compound semiconductors are similar, 
multiple-shelled nanostructures can be integrated facially via alternating chemical 
constituents in precursor solutions.
25, 26, 28
 Another common synthetic route to fabricate 
core-shells is layer-by-layer (LbL) approach, in which charged polyelectrolytes are first 
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introduced to core supports (e.g., silica or polystyrene beads), followed by deposition of 
desired coating chemicals or nanoparticles carrying opposite surface charges.
29-37
 
In this way, the chemical composition and shell thickness can be controlled by the 
number of process cycles applied, and more robust shell structures can be obtained after 
shell treatments such as additional thermal conversion and/or chemical 
modifications.
29-37
 Furthermore, solution-based synthesis, interfacial crystal growth, 
polymerization, and direct nanoparticle deposition on different hard templates are 
prevailing approaches to fabrication of core-shell structures; numerous pathways and 
deposition routes have been reported over the past decade.
1-24, 27
 
Closely related to the above research, hollow structures can be obtained from the 
core-shell materials when their central solid cores are removed.
38-56
 Because most of 
core-shell precursors have a spherical geometry, the resultant shell structures normally 
retain their pristine shape (i.e., hollow spheres).
38-56
 Direct preparation of shelled 
nanostructures can also be achieved without the step of core removal.
57-63
 Researchers 
have prepared different inorganic hollow spheres using various soft templates such as 
micelles, vesicles, solution inhomogeneities, and even gas bubbles,
57-63
 although 
uniform size distribution remains as a drawback in this kind of syntheses. It is important 
to mention that reactive templates or template-free approaches have also gained 
significant research attention over the past few years.
64-71
 Physical processes such as 
Ostwald ripening and oriented attachment have also shown the feasibility to generate 
hollow structures.
72-82
 The latter two processes involve solid evacuation of central 
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materials of aggregates and three-dimensional integration of preformed nanocrystals 
according to their common crystallographic orientations, respectively.
72-82
  
Although core-shell materials have been prepared into various complex forms,
1-37
 the 
shells in hollow structures remain relatively simple at the present stage of research.
38-63
 
In fact, most of them are just mono- or bi- component.
83-85
 Though the research interest 
in double-shelled or multishelled structures has increased, 
86-91
 controllability of 
complex shell structures still remains an issue to be addressed. To meet new challenges 
imposed by rapid development of nanotechnology, from a fundamental viewpoint, it 
would be highly desirable to explore new architectural concepts and processes for 




In pursuing this research, we note that nanoparticles are often used as seeds to grow 
one-dimensional nanomaterials or as core materials to prepare core-shell 
nanostructures.
92
 These presynthesized inorganic nanoparticles can also be used as 
starting building blocks to prepare inorganic-polymer nanocomposites.
93
 In this 
contribution, we explore the roles of metal-oxide nanoparticles in the constructional 
synthesis of complex nanostructures of core-shells and hollow spheres. Our study 
indicates that this nanoparticle-mediated approach offers high synthetic flexibility for 
core-shell and hollow sphere architectures. Briefly, the main steps of this approach 
involve synthesis of monodisperse core templates, installation of inorganic seeds, 
deposition of organic shells. As illustrated in Figure 5-1, self-assembled 
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oleate-surfactant capped TiO2 nanoparticles serve both as starting points for the 
deposition of polyaniline shell and as nucleation sites for the seeded growth of TiO2 
inner shell.  
 
 
Figure 5-1 Schematic flowchart (cross-section views) of various nanoparticle-mediated 
synthetic schemes: (i) as-synthesized SiO2 sphere, (ii) self-assembly of TiO2 
nanoparticle seeds (tiny white dots) on SiO2 sphere, (iii) polymerization and formation 
of polyaniline (PAN, green layer) shell on SiO2/TiO2 sphere, (iv) addition of TiO2 
nanoparticles on the PAN shell, (v) growth of TiO2 on both inner and outer surfaces of 
TiO2/PAN shell, (vi) removal of SiO2 core and formation of TiO2/PAN hollow sphere, 
(vii) growth of TiO2 on the inner surface of TiO2/PAN hollow sphere, (viii) growth of 
TiO2 on both inner and outer surfaces of TiO2/PAN hollow sphere, and (ix) removal of 
PAN middle layer and formation of double-shelled TiO2 hollow sphere. 
 
On the other hand, the same TiO2 nanoparticles form a secondary material phase 
imbedded in the inner surface of polyaniline shell and act as building blocks for the 
formation of external TiO2 shell via self-assembly. When silica cores or polyaniline 
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shells are removed, a variety of final products can be further fabricated. Because main 
process steps involved in this approach are well separate and relatively simple (such as 
self-assembly, templating growth, polymerization, and homogeneous seeded growth, 
etc.), we believe that the current architectural design and synthetic approach can be 
easily extended to other complex polymer-metal oxide systems. 
 
5.2 Experimental Section 
5.2.1. Synthesis of SiO2 Mesospheres 
SiO2 mesospheres were prepared according to a reported process with some 
modifications.
94, 95
 Briefly, 1.0 mL of tetraethyl orthosilicate (TEOS, Fluka, ≥ 99%) was 
first dissolved in a mixture of 18.4 mL of ethanol and 4.5 mL of deionized water in a 
100 mL glass bottle. Afterward, 25.0 mL of ammonia solution (28%) was added 
dropwise to the above solution under vigorous magnetic stirring within 10 min. During 
the addition of ammonia, the clear solution turned to white gradually. The hydrolysis of 
TEOS and related condensation reactions lasted for another 4 h with the same magnetic 
stirring. The SiO2 mesospheres (Figure 5-1 (i)) were washed with ethanol and deionized 




5.2.2. Synthesis of TiO2 Nanoparticles 
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Monodisperse TiO2 nanoparticles (TiO2 NPs) were prepared according to a reported 
process with minor modifications. 
96, 97
 Briefly, 0.10 mL of tert-butylamine (Aldrich, 
98% (GC)) was added to 10.0 mL of deionized water. Meanwhile, 0.15 g of 
Ti-n-propoxide (98%, Alfa Aesar) and 6.0 mL of oleic acid (OA, 
CH3(CH2)7-CH=CH(CH2)7COOH, 90-95%, Alfa Aesar) were added into 10.0 mL of 
toluene (or cyclohexane). The above two phases were then mixed and transferred to a 
Teflon-lined stainless steel autoclave. Hydrothermal synthesis was conducted at 180
o
C 
for 4h in an electric oven. When the reaction was completed, the organic phase was 
extracted and added in an equal volume of methanol to sedimentate TiO2 NPs. After 
centrifuging, methanol was removed and TiO2 NPs were redispersed into 8.0 mL of 
toluene (or cyclohexane); the concentration of TiO2 NPs in the thus prepared suspension 
was 3.5 mg/mL. 
 
5.2.3. Synthesis of SiO2/TiO2 via Self-assembly 
An amount of 40.0 mg of the above prepared SiO2 spheres was first dispersed into 2.0 
mL of toluene in an ultrasonic water bath for 20 min. Afterward, 1.0 mL of the TiO2 
NPs suspension (in Toluene) was added ,the mixture was continuously sonicated for 
another 1-2 h. The resultant SiO2/TiO2 (Figure 5-1 (ii)) product was washed with 
toluene once and dried at 70
o
C in an electric oven overnight. 
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5.2.4. Synthesis of SiO2/TiO2/PAN 
An amount of 20.0 mg of the as-prepared SiO2/TiO2 spheres was first dispersed in 30.0 
mL of ethanol in an ultrasonic water bath for 5 min. Ethanol phase remained to be clear 
after dispersing SiO2/TiO2 spherical particles. Then 0.05 mL of aniline (the monomer 
for polyaniline (PAN); the actual concentration of aniline before polymerization was 
0.018M) was added into the solution, and followed by another 5 min sonication to have 
the monomers fully dispersed in ethanol. Afterward, 1.0 mL of HCl aqueous solution 
(1.21 M) which contained 0.156 g of ammonium peroxydisulfate (APS, (NH4)2S2O8, 
Alfa Aesar, 98%) was added into the above ethanol phase. The solid-solution mixture 
was sonicated continuously for another 4 h in an ultrasonic water bath during which the 
PAN shell was formed. The dark green product (Figure 5-1 (iii)) was washed with 
ethanol and deionized water several times and stored in ethanol. Dynamic investigation 
of this reaction process was also carried out and the intermediate products were 
collected at 20 min, 40 min, 1 h, 2 h, and 4 h after the polymerization. 
 
5.2.5. Synthesis of SiO2/TiO2/PAN/TiO2 
In this preparation, 2.0 mL of SiO2/TiO2/PAN (10.0 mg of SiO2/TiO2/PAN) ethanol 
suspension was added into a mixture of 10.0-20.0 mL of ethanol, 4.0-14.0 mL of 
deionized water, and 1.0-6.0 mL of 0.040 M TiF4 solution.
98
 The mixture was sonicated 
for 10 min, and later transferred into a water-bath tank at 70
o
C. The whole reaction 
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lasted for 4 h with magnetic stirring. The SiO2/TiO2/PAN/TiO2 products (Figure 5-1 (v)) 
were washed with ethanol and deionized water, and stored in ethanol for materials 
characterization. Alternatively, the outmost TiO2 layer could also be added onto 
SiO2/TiO2/PAN by self-assembly method. For example, 20.0 mg of dried 
SiO2/TiO2/PAN powder was dispersed in 2.0 mL of toluene under sonication conditions. 
After 20 min, 1.0 mL of TiO2 NPs suspension (in toluene) was added, followed by 2 h 
sonication. The thus prepared SiO2/TiO2/PAN/TiO2 sample (Figure 5-1 (iv)) was 
washed with toluene and dried at 60
o
C in an electric oven overnight. 
 
5.2.6. Preparation of Hollow TiO2/PAN 
First, 4.0 mL of the above prepared SiO2/TiO2/PAN ethanol suspension which 
contained around 40.0 mg of solid powder was added into 5.0 mL of ethanol. The 
suspension was then sonicated for 5 min in order to make the particles evenly 
distributed in ethanol, followed by addition of 1.0 mL of 49.0% HF solution (Note: total 
solution volume now was ca. 10 mL). The etching process for SiO2 cores was carried 
out for 10 min. The above prepared TiO2/PAN hollow spheres (Figure 5-1(vi)) were 
washed with deionized water 3 time. The collected powder was then dried n a vacuum 
oven at 50
o
C for 2 h. 
 
5.2.7. Preparation of Hollow TiO2/PAN/TiO2 
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The growth of TiO2 on the shell of TiO2/PAN hollow spheres was carried out at 70
o
C in 
a water bath and at 180
o
C under hydrothermal condition respectively (Figure 5-1 (vii) 
and (viii)). For water bath synthesis, 4.0 mg of TiO2/PAN hollow spheres was dispersed 
into a solution mixture prepared from 20.0 mL of ethanol, 2.0-4.0 mL of deionized 
water and 6.0-8.0 mL of 0.04M TiF4 solution. This solid-solution system was sonicated 
for 10 min before it was moved into a water bath. Then the reaction was carried out at 
70
o
C for 4 h with vigorous magnetic stirring. The product sample was washed with 
ethanol thoroughly. For the hydrothermal reaction, 2.5 mg of TiO2/PAN hollow spheres 
was dispersed into a solution mixture of 20.0 mL of ethanol, 2.0-8.0 mL of deionized 
water, and 2.0-8.0 mL of 0.04 M TiF4 solution. After being sonicated for 10 min, the 
solid-solution mixture was transferred to a Teflon-lined stainless steel autoclave. The 
hydrothermal reaction was carried out at 180
o
C for 2 h inside an electric oven. 
 
5.2.8. Preparation of Hollow TiO2/TiO2 
The double-shelled TiO2 hollow spheres were prepared by thermal removal of PAN 
phase from the above prepared TiO2/PAN/TiO2. For example, the TiO2/PAN/TiO2 
samples could be heat-treated at 450
o
C for 4 h in an electric furnace, during which PAN 
was completely oxidized into gaseous products with laboratory air, resulting in 
double-shelled anatase TiO2 (Figure 5-1 (ix)). 
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5.2.9. Photocatalytic Reactivity 
In the photocatalytic investigation, a certain amount of powders of 
SiO2/TiO2/PAN/TiO2 core-shells, triple-shelled TiO2/PAN/TiO2, double-shelled 
TiO2/TiO2 hollow spheres, and Hombikat UV 100 (a commercialized TiO2 product 
widely used for photocatalytic activity comparison) was dispersed, respectively, into 
50.0-75.0 mL of methyl orange aqueous solution (10 mg/L) via sonication and the solid 
in the final suspension had a constant concentration of 0.1 mg/mL; the mixture was then 
stirred at room temperature for 1-2 h to achieve adsorption equilibrium for methyl 
orange (C14H14N3NaO3S). Afterward, the solid-solution mixture was illuminated by a 
Hg lamp (125W; Philips) with a cutoff filter (λ = 360 nm) for 15-140 min, during which 
a volume of 4.0 mL of solution together with the catalyst was drawn out repeatedly at 
constant time interval in order to determine the concentration of remaining reactant 
using UV-visible spectrophotometry (Shimadzu UV-2450); the solution used for this 
measurement was separated from the catalyst by centrifugation. 
 
5.2.10. Materials Characterization 
The crystallographic information of the prepared core-shells and hollow spheres was 
established by powder X-ray diffraction (XRD, Shimadzu XRD-6000, Cu Kα). The 
structural and morphological investigations of the samples were carried out with 
transmission electron microscopy (TEM, JEM-2010) and field emission scanning 
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electron microscopy (FESEM, JSM-6700F). Compositional analysis for the samples 
was performed with X-ray photoelectron spectroscopy (XPS, AXIS-His, Kratos 
Analytical) and Fourier transform infrared spectroscopy (FTIR, Bio-Rad), respectively. 
The content of polyaniline in the samples was determined using a thermogravimetric 
method (TGA, TA instruments TGA 2050). Surface area and porosity analysis of the 
nanocomposite was investigated by BET and BJH methods (NOVA-3000). 
 
5.3 Results and Discussion 
Figure 5-1 depicts several nanoparticle-mediated synthetic routes for major core-shell 
core-shell nanostructures combined from silica (SiO2), anatase titania (TiO2), and 
polyaniline (PAN) and for a variety of multishelled spherical derivatives prepared in 
this work. Two types of blocks used for making initial SiO2/TiO2 nanocomposites are 
displayed in Figure 5-2 a-b, respectively. As shown, the as-synthesized silica 
mesospheres are monodisperse with an average diameter of about 640 nm, and the TiO2 
nanoparticles (TiO2 NPs), which were used as both a seed material and a surface coating 
material in this approach, have a narrow size distribution range of 3-6 nm. 
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Figure 5-2 TEM images: (a) as-prepared SiO2 spheres, (b) free-standing TiO2 
nanoparticles (seeds), (c) self-assembly of TiO2 nanoparticle seeds on SiO2 spheres, and 
(d) a detailed view of TiO2 nanoparticle seeds on SiO2 spheres. 
 
After deposition of TiO2 NPs, the surface of SiO2 mesospheres became rougher (Figure 
5-2c, d and Figure 5-1 (ii)). The major driving force for this self-assembly process could 
be attributed to the chelating action of deprotonated hydroxyl groups on SiO2 surface to 
unprotected Ti
4+
 sites on TiO2 NPs.
98
 Nevertheless, a small degree of aggregation 
among the TiO2 NPs is also observed (Figure 5-2d), in which van der Waals interaction 
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among the surfactant molecules (i.e., oleate-surfactant headgroups on TiO2) is also 
present. Hence, the resultant SiO2/TiO2 products are free of unsupported TiO2 NPs. 
The above prepared SiO2/TiO2 core-shell nanocomposites were then used as template 
for polyaniline deposition, as illustrated in Figure 5-1 (iii). Arising from this 
polymerization process, a compact PAN shell can be formed evenly on this core-shell 
template. In Figure 5-3, a representative product of such SiO2/TiO2/PAN core-shells 
(whose shell thickness is ca 44 nm) is displayed. In order to have a better understanding 
of the shell formation, intermediate products at different reaction times were collected 
sequentially for TEM observation, and a series of TEM images during the 
polymerization of aniline is reported in Figure 5-4. At the 20
th
 min (Figure 5-4 b) of 
reaction, we found that tiny PAN particles with the average diameter of ca. 17.8 nm 
were formed on the surface of SiO2/TiO2. Accordingly, the reacting mixture turned 
from colorless to blue by eye observation, which indicated that the polymerization had 
taken place at this time. We found that polyaniline prefers to grow on the SiO2/TiO2 
core-shell template than to grow as freestanding particles in a separate phase. This 
observation might be due to the affinity of oleate surfactant headgroups on TiO2 NPs, 
93
 
whereby aniline monomer anchors on. After the addition of initiator solution 
(HCl-APS), which was miscible in ethanol phase, polymerization started from the 
interface of SiO2/TiO2 and ethanol. 
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Figure 5-4 TEM images of deposition process of polyaniline (PAN) on the spheres of 
SiO2/TiO2 at different times: (a) before polymerization (0 min; i.e., SiO2/TiO2), (b) 20 
min, (c) 40 min, and (d) 60 min after reactions. 
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Figure 5-5 Materials characterization of spheres of SiO2/TiO2/PAN: (a) FTIR spectrum, 
(b) UV-Visible absorbance spectrum, and (c) TGA/DrTGA curves. 
 
Because of the similar hydrophobic interaction, oleated anatase nanoparticles seemed to 
provide initial nucleation sites for the formation of polyaniline seed particles. Once the 
polyaniline seeds were formed on the SiO2/TiO2 template, site-selective polymerization 
would be increased. The average diameter of polyaniline particles increased to 33.4 nm 
during the first 40 min of the reaction (Figure 5-4c). Meanwhile, the density of PAN 
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particles became higher with the longer reaction times. After 1 h of the reaction, the 
individual PAN particles merged when the polymeric particles grew larger (Figure 
5-4d). At this point in time, the PAN shell had a raspberry-like morphology with a 
thickness of ca. 34.0 nm. The shell became flattened and continued to increase to 44.0 
and 44.4 nm after 2 and 4 h (Figure 5-3) of reactions, respectively. It should be pointed 
out that the presence of TiO2 NPs (i.e., seeds) is an important prerequisite for the PAN 
shell formation, which will be addressed below. 
 
The above prepared SiO2/TiO2/PAN was characterized with various analytical 
techniques. The IR spectrum in Figure 5-5a shows the characteristic absorptions of 
polyaniline present in the nanocomposites. In particular, the peaks at 1587 and 
1498cm
-1
 can be assigned to the stretching vibrations of quininoid and benzenoid rings, 
respectively, while the peak at 1309 cm
-1
 and a small shoulder at around 1250 cm
-1
 
belong to C-N and protonated C-N stretching modes.
99
 The shoulder peak at 1157cm
-1
 
can be assigned to in-plane bending mode of C-H, 
99
 and the sharp peak at 1099 cm
-1
 to 
the Si-O-Si stretching band of the SiO2 cores. 
100
  
In Figure 5-5b, the UV-Vis absorption band at 347 nm is assigned to π-π
*
 transition in 
the benzenoid rings, and the absorptions at 449 and ca. 763 nm are ascribed to 
polaron-π
*
 transition and polaron-π transition, 
101
 respectively. The polaron-π transition 
in the composite sample at ca. 763 nm confirms the formation of doped polyaniline (i.e., 
emeraldine salt). 
101
 TGA scan and DrTGA curve in Figure 5-5c indicate that a PAN 
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loading on the SiO2/TiO2 support in this case was about 30 wt%. The first two thermal 
events at 60.3 and 214.5
o
C are attributed to evaporation of water molecules and 
desorption/decomposition of adsorbed anions inherited from the synthesis 
(Experimental Section). The major thermal events at 413.4 and 513.3
o
C are assigned to 
the combustion of oleate surfactant (on TiO2 NPs) and polyaniline, respectively.  
 
 
Figure 5-6 XPS analysis of SiO2/TiO2 nanocomposites: (a) as-prepared SiO2/TiO2 
(Figure 5-2c, d) and (b) SiO2/TiO2 obtained after thermal removal of PAN phase from 
SiO2/TiO2/PAN (i.e., after the TGA analysis in Figure 5-5c). 
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To confirm the presence of the TiO2 NPs throughout the polymerization process, we 
further carried out an XPS investigation. Figure 5-6a shows the surface composition of 
the SiO2/TiO2 prior to polymerization (Figure 5-2c,d). In particular, the O 1s peak at 
532.5 eV can be assigned to the oxygen in Si-O-Si bonds, 
102
 and the smaller peak at 
529.8 eV to the lattice oxygen in anatase TiO2, 
97
 while a tiny component located at 
531.6 eV can be attributed to oxygen in surface –OH groups on the SiO2 cores. 
102
 In 
Figure 5-6b, the peak at 529.9 eV for O 1s and the doublet peaks for Ti 2p indicate that 
TiO2 nanoparticle seeds were still on the surface even after removing the PAN shell.
97
 
The positive binding energy shifts (+0.2 eV) for Ti 2p doublets are due to the formation 
of Si-O-Ti linkages in this heat-treatment. 
103, 104
 Apparently, the oxide phase became 
more hydrophilic after removal of organics, because the component located at 531.5 eV 
(oxygen in water molecules) could now be detected.
97
 In other words, SiO2/TiO2 surface 
composite did not break down during ultrasonic polymerization and thus the TiO2 NPs 
could serve as starting points for polyaniline to nucleate. 
Our TEM investigation also found that TiO2 NPs were still on the surface after thermal 
removal of PAN (see Figure 5-7), that is, TiO2 NPs were immobilized on the surface of 
silica throughout the polymerization process. Furthermore, we also confirmed that these 
TiO2 NPs were indeed indispensable for the formation of PAN shell in our synthesis. As 
a comparison, pristine SiO2 spheres without any TiO2 nanoparticles were also used as 
templates for aniline polymerization. Interestingly, when there were no surface TiO2 
NPs involved in the reactions, large polyaniline petals with an average diameter of ca. 
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267 nm were found scattered on the silica surface instead of a spherical shell around the 
surface of SiO2 mesospheres (see Figure 5-8). Apparently, unmodified silica has little 
chemical affinity to aniline and its polymer, and the growth of PAN is limited to few 
nucleation sites available, resulting in the petal-like morphology. 
 
Figure 5-7 SiO2/TiO2 after thermal removal of PAN phase from SiO2/TiO2/PAN. 
 
 
Figure 5- 8 Large PAN pedals formed on SiO2 spheres without TiO2 NPs. 
 
Many complex core-shell or hollow sphere configurations can be derived from the 
above prepared SiO2/TiO2/PAN precursor (Figure 5-1 (iii)). For example, two types of 
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SiO2/TiO2/PAN/TiO2 core-shells that comprise two shells of TiO2 and one shell of PAN 
(Figure 5-1 (iv) and (v)) were prepared in this work. In Figure 5-9a-c, the outmost 
anatase TiO2 shell was deposited by direct hydrolysis of TiF4. When TiF4 hydrolyzes at 
60-70
o
C in aqueous phase, the raspberry-like PAN shell acts as a permeable membrane 
and allows TiF4 to penetrate through it. Illustrated in Figure 5-9c, as a result, TiF4 
hydrolysis takes place on both the outer and inner surfaces of the polymeric shell, 
giving rise to formation of TiO2 on their surfaces. This observation will be further 
addressed in Figure 5-10. Due to the generation of HF from this reaction, on the other 
hand, the SiO2 cores were partially removed, resulting from chemical etching (i.e., HF 




TiF4 + 2H2O  TiO2 + 4HF    (1) 
                     SiO2 + 4HF  SiF4 + 2H2O     (2) 
 
Note that the second reaction (eq. 2) quickly depletes the hydrolysis product (HF) at 
SiO2 cores and thus further promotes TiF4 to hydrolyze on the surfaces of polyaniline. 
As the reaction goes on, more HF pass through the polyaniline shell to react with SiO2, 
and thus the space between the PAN and SiO2 core increases, which can be clearly seen 





 M), we also found that TiF4 prefers to 
hydrolyze on the polyaniline surfaces and the resultant vacant space between the shell 
and core is proportional to the TiF4 concentration used in synthesis.  
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Figure 5-9 TEM images of two types of SiO2/TiO2/PAN/TiO2 core-shells at different 
magnifications: (a-c) the outmost TiO2 phase was deposited by growth method, and (e,f) 
the outmost TiO2 phase was deposited by self-assembly method. 
 
In addition to the direct growth, the external oxide surface can also be introduced using 
presynthesized TiO2 NPs via self-assembly. In Figure 5-7d-f, the outmost anatase TiO2 
shell was formed from aggregative TiO2 NPs on the PAN substrate. As discussed earlier, 
van der Waals interactions is the major binding force between the polyaniline and 
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Figure 5-10 TiO2/PAN/TiO2 (from SiO2/TiO2/PAN/TiO2) (Figure 9d-f) after HF 
etching a-b, and XPS result of Ti 2p on the surfaces of PAN after HF etching. 
c) 
a) b) 
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In addition to a partial removal, the SiO2 phase in the SiO2/TiO2/PAN and 
SiO2/TiO2/PAN/TiO2 core-shells can be completely removed in dilute HF solutions, 
giving rise to different types of multishelled hollow spheres (Figure 5-1 (vi) to (ix); see 
Figure 5-10). In particular, TiO2/PAN hollow spheres prepared by the chemical etching 
method (eq. 2) using the SiO2/TiO2/PAN as a precursor. The as-prepared TiO2/PAN 
hollow spheres have a mean diameter of ca. 585 nm, and they appear to be fairly robust 
even after dissolving SiO2 cores, showing no signs of flattening. Because the interior 
surface has a thin layer of TiO2 NPs and the polymerization reaction was taken place on 
their surfaces, as mentioned earlier, smoother interior surfaces are observed, compared 
to the exterior surfaces (Figure 5-11 a-c).  
 
Figure 5-11 (a-c) TEM images of TiO2/PAN hollow spheres at different magnifications, 
noting that a small TiO2 phase (i.e., TiO2 NPs (seeds)) is located on the inner surface of 
the spheres, and (d) TEM image of TiO2/PAN hollow spheres with a thick inner shell of 
TiO2 after a selective growth. 
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In this study, these hollow spheres were used as templates for synthesis of 
double-shelled anatase TiO2. Though XRD technique was not able to detect pristine 
anatase TiO2 NPs (seeds) in the composite, because of its small quantity, the anatase 
nanoparticles could withstand the HF etchant and they were anchored on the inner 
surface of polyaniline shell. When the TiO2/PAN hollow spheres are used as templates, 
surprisingly, TiF4 prefers to form TiO2 on the inner surface of TiO2/PAN shell under 
similar synthetic parameters (Figure 5-1 (vii)) and Figure 5-11d; also see Figure 5-12.  
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Figure 5-13 TEM images of two types of multishelled anatase TiO2 at different 
magnifications: (a-d) triple-shelled TiO2/PAN/TiO2 hollow spheres, and (e,f) 
double-shelled TiO2/TiO2 hollow spheres after removal of PAN interlayer. 
 
The observed growth preference is indeed another proof which shows that TiO2 NPs 
were still left on the inner surface of PAN shell serve once again as seeds for TiO2 
deposition, leading to a well-defined inner shell of TiO2. Under hydrothermal conditions, 
however, the TiF4 hydrolysis becomes less selective and the TiO2 can grow on both 
inner and outer surfaces of TiO2/PAN hollow spheres, though the amount of the oxide 
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on the inner surface is still slightly higher than that on the outer surface. This is due to 
more vigorous movement and interactions of reactants and templates under 
hydrothermal conditions, the difference between seeded and unseeded surfaces became 
less distinguishable.  
Figure 5-13a-d shows some examples of double- shelled TiO2 hollow spheres 
(TiO2/PAN/TiO2; Figure 5-1 (viii)) prepared with this hydrothermal method. Due to 
prevalence of thermodynamic control in hydrothermal reactions, anatase TiO2 with high 
crystallinity can be obtained. After calcining the sample at 450
o
C in laboratory  air for 
4 h, as shown in Figure 5-13e-f, PAN interlayer was completely burnt away, leaving 
double-shelled structures of anatase (i.e., TiO2/TiO2; Figure 5-1 (ix)) behind. 
 
Figure 5-14 XRD patterns of (a): TiO2/PAN/TiO2 triple-shelled hollow spheres, and (b) 
double-shelled TiO2 hollow spheres obtained after thermal removal of PAN interlayer 
phase; the large diffraction peaks belong to sample holder (Al). The peak (marked with 
an asterisk) belongs to metastable monoclinic TiO2 (B) after thermal treatment. 
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Our XRD investigation reported in Figure 5-14 confirms that both TiO2/PAN/TiO2 and 
TiO2/TiO2 hollow spheres have the tetragonal crystal structure (SG: I41/amd; JCPDS 
card no. 21-1272; a0= 3.7852 Å and c0 = 9.5139 Å), noting that the latter sample shows 
sharper XRD peaks because of the additional heat-treatment at 450
o
C. 
Table 5-1 Specific Surface Areas, Pore Volumes, and Rate Constants of 
Photodegradation of Methyl Orange of Three Representative Samples That Contain 
Two TiO2 Shells. 












i Methyl orange  
(without catalyst) 
  0.0001 
ii SiO2/TiO2/PAN/ 
TiO2 
37.0 0.055 0.0006 
iii Hombikat UV 100 > 250  0.0016 
iv TiO2/PAN/TiO2 41.7 0.09 0.0020 
v TiO2/TiO2 34.2 0.099 0.0034 
 
In Figure 5-15, three representative samples that contain two TiO2 shells in the shell 
structures are investigated for their surface area and porosity properties, and the 
analytical results are listed in Table 5-1 for reference. In all cases, type H3 hysteresis 
loops are observed. 
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 This type of hysteresis loops does not exhibit any limiting 
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adsorption at high P/P
o
 region and is commonly attributed to particle aggregates with 
slitshaped pores. 
103
 The pore-size distribution profiles across both microporous and 
mesoporous regions. In particular, the overlapping between adsorption and desorption 
curves is observed in the double-shelled hollow spheres of pure TiO2. To compare their 
performance in actual applications, we have used these three samples for photocatalytic 
degradation of organic dyes under UV-light irradiation. In Figure 5-16, the 
photocatalytic reactivity of each sample is evaluated through the degradation of methyl 
orange, and the apparent rate constants according to a pseudo-first-order reaction with a 
simplified Langmuir-Hinshelwood model are also listed in Table 5-1. 
104
  
Though the TiO2/PAN/TiO2 hollow spheres (Figure 5-13a-d) have the largest surface 
area 41.7m
2
/g among the three tested samples, it is nominally less active than the 
double-shelled TiO2/TiO2 (Figure 5-13e,f; 34.2 m
2
/g). The surface area shrinkage of 
double-shelled hollow spheres is probably due to the heat treatment at 450
o
C through 
which the internal mesopores merged. Although the SiO2/TiO2/PAN/TiO2 core-shell 
nanocomposite (Figure 5-9a-c) gets a larger specific surface area (37.0m
2
/g) than the 
double-shelled anatase, its photocatalytic reactivity is the lowest due to presence of 
silica cores and PAN, and thus less TiO2 content in the catalyst. Furthermore, the TiO2 
phase in the SiO2/TiO2/PAN/TiO2 core-shell nanocomposite is less crystallized because 
of its low processing temperature (60
o
C), compared with its hydrothermally and 
thermally treated counterparts in the same degradation study.  
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Figure 5-15 BET/BJH analyses of (a) SiO2/TiO2/PAN/TiO2 core-shells, (b) 
TiO2/PAN/TiO2 triple-shelled hollow spheres, and (c) double-shelled TiO2/TiO2 hollow 
spheres. 
 
Overall catalytic performance of the double-shelled TiO2/TiO2 hollow spheres is best 
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5-16). Using such complex shelled nanostructures can be advantageous for reactions in 
terms of easy separation and high reusability of catalysts after use, because of relatively 




Figure 5- 16 Ct/C0-versus-time plots (a) and ln(Ct/C0)-versus-time plots (b) for: (i) 
methyl orange solution (i.e., without solid catalyst), (ii) SiO2/TiO2/PAN/TiO2 
core-shells, (iii) Hombikat UV 100, (iv) triple-shelled TiO2/PAN/TiO2 hollow spheres, 
and (v) double-shelled TiO2/TiO2 hollow spheres. 
 
Considering their complex shell features and the presence of large interior space, 
nonetheless, we believe that these multishelled hollow spheres and the general 
nanoparticle-mediated synthetic approach developed in this work will become even 
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more useful in the technological areas of membrane and intercalation applications 
where the requirements for pore-control and shell structures are more stringent. This 
challenging topic will be investigated in our future research. 
 
5.4 Conclusions 
In summary, through exploring multifunctional roles of anatase TiO2 nanoparticles, we 
have developed several solution-based chemical schemes to prepare core-shell and 
hollow sphere nanocomposites comprising sol-gel-derived silica, anatase TiO2 and 
polyaniline. More specifically, we have devised a nanoparticle-mediated approach for 
preparation of complex core-shell and hollow sphere nanostructures, in which 
oleate-surfactant-protected anatase TiO2 nanoparticles play multifunctional roles in the 
construction of highly complex nanostructures: as starting sites for deposition of 
polyaniline shell on SiO2 mesospheres; as a secondary material phase anchored on the 
inner surface of polyaniline shell; as preinstalled seeds for homogeneous growth of 
TiO2 inner shell on the polyaniline; and as primary nanobuilding blocks to prepare 
external oxide shell on the polyaniline via self-assembly. With the assistance of the 
TiO2 nanoparticles, the present approach has shown high synthetic flexibility for 
tailor-making complex shelled nanostructures with different architectural designs. A 
total of six types of composite structures have been fabricated with this approach, 
namely, core-shells of SiO2/TiO2, SiO2/TiO2/PAN, and SiO2/TiO2/PAN/TiO2, and 
complex hollow spheres of TiO2/PAN, TiO2/PAN/TiO2, and TiO2/TiO2. Our 
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preliminary experimental result also shows the applicability of these nanostructures in 
real photocatalytic applications, especially for the separation of used catalysts after 
reaction owing to their relatively large external diameters. Because other size-defined 
metal-oxide nanoparticles can also be facilely prefabricated nowadays and the main 
process steps involved in this type of approach are well separate and relatively simple 
(e.g., self-assembly, templating growth, polymerization, homogeneous seeded growth, 
etc.), we believe that the current architectural design and synthetic approach can be 
easily extended to other complex polymer-metal-oxide systems. 
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CREATION OF INTERIOR SPACE, ARCHITECTURE OF 
SHELL STRUCTURE AND ENCAPSULATION OF 
FUNCTIONAL MATERIALS FOR  




Encouraged by the discovery of MCM-41 in the early 1990s,
1
 synthesis of porous silica 
(SiO2) materials has since received tremendous research attention because of their many 
outstanding physicochemical properties such as large surface area, uniform pore size, 
low density, low dielectric constant, low refractive index, and good biocompatibility.
1-19
 
Over the past two decades, furthermore, the SiO2-based micro- and mesoporous 
materials have been found to be very important in a vast field of technological 
applications, ranging from host materials for drug/gene delivery, heterogeneous 
catalysis, hard-templating for materials design and synthesis, novel adsorbents for 
heavy metal removal, to photonic devices and so on.
20-27
 
In recent years, in particular, a massive work has been devoted to the synthesis of 
spherical SiO2 with various pore structures.
28-39
  Among them, SiO2 spheres with one-
dimensional (1D) cylindrical pores that are perpendicular to the spherical centre are 
highly promising to work as “smart containers” for the above mentioned applications, 
because these 1D-channels possess size-limiting “gates” and have the shortest travelling 
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paths for any reactants and products or intercalates involved in a particular process.  
Despite of the great success in recent research,
28-39
 however, there are still many 
challenging issues to be further tackled.  For example, uniform mesoporous SiO2 
spheres with hexagonally packed mesopores had been prepared at room temperature 
using conventional alkyl-trimethyl-ammonium-chlorides as templating molecules,
29
 but 
their solid centre may become a constraint to widen possible applications due to lacking 
a central working space.  In order to generate an interior space, monodisperse SiO2 
spheres have been synthesized using a dual templating approach in which polystyrene 
(PS) beads were used as a hard template to create interior voids and cetyl-trimethyl-
ammonium-bromide (CTAB) molecules were used as a soft template to form hexagonal 
pores for shells.
35
 One technical drawback for this three-step approach is that the PS 
beads will have to be removed via calcination after synthesis.  Apart from the 
inconvenience of post synthesis treatment, how to disperse the PS particles evenly in the 
reaction system is another crucial issue dictating the final morphology of SiO2 hollow 
spheres.  A simpler approach to synthesize SiO2 hollow spheres with vertically 
perforated 1D-channels had been reported recently by using ethylene oxide 
(EO)propylene oxide (PO) triblock copolymer [(EO)20(PO)70(EO)20; P123] as a soft 
template and benzene as a swelling agent.
39
  Much larger mesopore size around 7.7 nm 
could be obtained for SiO2 shells with this approach after calcination, in comparison 
with those only using P123 but without benzene.  However, an additional hydrothermal 
treatment was required in order to remove amorphous SiO2 particles, which were 
formed during the sol-gel process involved, from the external surfaces of the spheres.  
Meanwhile, size and product morphology of SiO2 spheres still need to be improved so 
as to be more suitable for further applications.
39
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In addition to preparing pure mesoporous silica solid or hollow spheres, synthesizing 
multifunctional core/shell nanocomposites represents another grand challenge in this 
research field.
40-52
 In this type of multicomponent systems, for example, DNA 
biomolecules, proteins, enzymatic materials, transition-metal and noble-metal 
nanoparticles, metal-oxide nanoparticles and so on have been encapsulated into the 
central spaces while the mesoporous SiO2 shells serve as controlled paths or gates to 
connect their enclosed interior materials to the outside space.  With these functional 
materials, the mesoporous silica will become more robust and more versatile for 
applications.  For instance, when magnetic nanoparticles of Fe3O4 are enclosed, the 
mesoporous SiO2 spheres can response rapidly to an external magnetic field, which 
provides an easy means for recovery of the spheres after use, in addition to the 
utilization of the intrinsic properties of enclosed matters.
49
 Very recently, more complex 
shell structures have been engineered for this type of magnetic responsive silica spheres.  
For example, a sandwich structure of superparamagnetic spheres of 
Fe3O4@nSiO2@mSiO2 with perpendicularly aligned mesoporous 1D-channels has been 
prepared using CTAB as a soft-template to generate shell porosity and Fe3O4 as a core 
material for deposition of SiO2 shells.
50
  In spite of all the significant advancements, 
however, creation of an interior space, architecture of complex shell structure and 
encapsulation of different functional materials still remain as three important research 
topics for future development of this class of SiO2-based porous materials, including 
their derived nanocomposites.   
Inspired by the previous works, in this contribution we report some of our recent 
research activities in synthesis of sub-micrometer SiO2 spheres and related core/shell 
derivatives.  Three different solvothermal approaches have been developed.  First, we 
employ the concept of Ostwald ripening to generate interior space for porous SiO2 
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spheres, and prove this process is a simple, viable means to create large central cavities 
without using templates.  Second, we devise a novel micro-emulsion system for 
synthesis of porous SiO2 spheres using 1-dodecanethiol as a soft-template to create 
interior space.  Third, we architect complex double-shelled SiO2 spheres by controlling 
the content of CTAB used in synthesis.  Along the same line, we have further devised 
two solution-based methods to introduce functional materials into the central spaces of 
porous SiO2 spheres, and a total of ten different kinds of core/shell composite structures 
have been prepared and investigated in this work, which shows that our synthetic 
methods are indeed facile and versatile, and have generality for design and architecture 
of this class of materials.  In addition to the materials synthesis carried out inside the 
central cavities, the communicable 1D-channels and enclosed functional materials have 
also be verified with photocatalytic reactions and oxidative combustions.  Quite 
importantly, our hollow SiO2 spheres and their derived nanocomposites can be broadly 
classified into five major architectural forms, as listed in Figure 6-1, and the mean 
radius of the 1D-channels on their shells are all controllably in the range of 1.81.9 nm.   
 
6.2 Experimental Section 
6.2.1 Hollowing Mesoporous SiO2 Spheres via Ostwald Ripening   
In a typical synthesis, an amount of 0.2 g of cetyl-trimethyl-trimethyl-ammonium-
bromide (CTAB, or named hexadecyl-trimethyl-ammonium-bromide, C19H42BrN, Fluka, 
≥96.0%) was first dissolved in 25.0 mL of ethylene glycol (EG, C2H6O, Merck, 
≥99.5%), followed by addition of 4060 L of tetraethyl orthosilicate (TEOS, 
C8H20O4Si, Fluka, 99%) under vigorous magnetic stirring.  After stirring for 5 min, 2.5 
mL of diluted aqueous ammonia solution (6.4 wt%) was added into the above 
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CTABEGTEOS solution and kept stirring for another 5 min. The solution was then 
transferred to a Teflon-lined stainless steel autoclave.  Solvothermal reactions were 
conducted at 100180oC for 16 h in an electric oven.  The products of the reactions 
(i.e., mesoporous SiO2 spheres; route (i), Figure 6-1) were later washed with ethanol 
twice and dried at 70
o
C in an electric oven before materials characterization and other 
studies.  
  
6.2.2. Hollowing Mesoporous SiO2 Spheres via Soft Templating    
In this type of synthesis, an amount of 0.2 g of CTAB was dissolved in 25.0 mL of EG 
solvent, followed by addition of 0.050.37 mL of 1-dodecanethiol (DDT, C12H25SH, 
Aldrich, 98%).  After an initial stirring (10 min), 60 L of TEOS was added into the 
CTABEGDDT solution under vigorous magnetic stirring.  After stirring for another 5 
min, 2.5 mL of diluted aqueous ammonia solution (6.4 wt%) was added into the above 
solution and the stirring was continued for 5 more min.  The solution was then 
transferred to a Teflon-lined stainless steel autoclave.  Solvothermal reactions were 




for 34 h inside an electric oven.  In some experiments, 
furthermore, a small amount of sodium citrate dihydrate (0.10 g, Na3C6H8O72H2O, 
Aldrich, 99+%), was also added to the above reaction precursors in order to avoid inter-
sphere aggregation.  The products of the reactions (i.e., the SiO2 spheres; route (iii), 
Figure 6-1) were then rinsed twice by ethanol, and dried at 70
o
C in an electric oven 
before further investigation.  
   
6.2.3. Formation of Double-shelled Mesoporous SiO2 Spheres    
Chapter 6 Creation of Interior Space, Architecture of Shell Structure and Encapsulation of Functional 




In order to have some understanding of the role CTAB plays on the structure of 
mesoporous SiO2 spheres, we also reduced the amount of CTAB used to 0.05 g in our 
synthesis, while keeping the remaining contents of reaction precursors identical to those 
used in Subsection 2.1.  The mixture solution was later gone through the same 
solvothermal processes at 140180oC for 24 h.  Double-shelled SiO2 spheres were thus 
obtained with this reaction route (route (v), Figure 6-1).  
 
6.2.4. Encapsulations of Functional Materials in Mesoporous SiO2 Spheres   
In this part of study, we had included several kinds of nanoparticles, ranging from 
organic to inorganic materials covering conducting polymers, semiconducting transition 
metal oxides and sulfides, transition metals, and noble metals, into the central spaces of 
mesoporous SiO2 spheres.  The following are 10 representative examples to illustrate 
two general methodologies developed. 
Pre-installation methods (TiO2, Co3O4, ZnS and gold):  A certain amount of TiO2 (1.0 
mg, P25, Degussa), Co3O4 (0.130.67 mg
 53
) and ZnS (1.25 mg
 54
) nanoparticles (which 
were synthesized according to previous literature reports
 54,55
) was dispersed 
respectively into 2.0 mL of deionized water or 2.0 mL of aqueous solution of 0.10 g of 
sodium citrate dihydrate (to improve the dispersion of Co3O4 nanoparticles) followed by 
addition of 0.50 mL of concentrated aqueous ammonia solution (32 wt%).  In the 
preparation of Au@SiO2 core/shell material, 2.0 mL of red-wine color AuNPs 
suspension
 
in deionized water (which was prepared according to a literature report
 55
) 
was mixed with the same concentrated ammonia solution.  Afterwards, the synthesis of 
the SiO2 spheres was carried out following the methods described in either Subsection 
2.1 or 2.2.  The products were later collected by centrifuging and washed twice with 
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ethanol.  Depending on the synthetic methods adopted, our samples are denoted with a 
reaction route (e.g., TiO2@SiO2 (route (ii); Figure 1) and TiO2@SiO2 (route (iv); Figure 
6-1)).   
On-site synthetic methods (polyaniline, gold and silver):  In order to add polyaniline 
(PAN) into central space of mesoporous SiO2 spheres, 20.0 mg of the as prepared 
mesoporous SiO2 spheres (route (i) or (v); Figure 1) was dispersed in 30.0 mL of 
ethanol via sonication for 10 min.  Later on, 50 L of aniline (C6H7N, 99+%, Alfa 
Aesar) was added into ethanol and let it infiltrate into the mesopores with the assistance 
of 10 min of sonication.  The polymerization process was initiated by addition of 1.0 
mL of ammonium peroxydisulfate ((NH4)2S2O8, APS, 98%, Alfa Aesar) acidic solution 
(i.e., 0.156 g of APS was dissolved in 1.0 mL of 1.21 M hydrochloride acid).  The 
reaction was carried out in a sonication bath for 4 h.  The dark green product was 
washed 3 times by ethanol and dried in a vacuum electric oven at 40
o
C overnight and 
the products are denoted as PAN@SiO2 (route (i) or (v), Figure 6-1).  In preparation of 
Ag@SiO2 or Au@SiO2 (route (i), Figure 6-1), furthermore, 5.0 mg of mesoporous SiO2 
spheres was soaked in 30.0 mL of 0.05 g of AgNO3 or 0.03 g of HAuCl4 ethanol 
solution under sonication for 10 min in order to let these noble metal salts infiltrate 
through their mesoporous channels; 0.2 g of PVP was also added into the HAuCl4 
ethanol solution to control the growth of Au nanoparticles.  Each mixed solution was 
then transferred to a Teflon-lined stainless steel autoclave and reacted at 180
o
C for a 
period of 2 to 3.3 h.   
 
6.2.5. Calcination of Samples    
Chapter 6 Creation of Interior Space, Architecture of Shell Structure and Encapsulation of Functional 




The CTAB rod-like templates in the above three types of as-prepared SiO2 spheres 
(routes (i), (iii) and (v), Figure 6-1) and in other nanocomposites such as TiO2@SiO2 
(routes (i) and (iv), Figure 1) were removed via calcination in a programmed heating 
muffle oven before BET/BJH analyses, on-site synthesis of nanomaterials, and 
photocatalytic reactions of methyl orange degradation.  Furthermore, the sample of 
PAN@SiO2 nanocomposite was also calcined in order to prove the encapsulation of the 
polymer in the mesoporous SiO2 (route (i) or (v), Figure 6-1) spheres.  The general 
heating routine used to remove these organic phases (i.e., CTAB or PAN) is described 
as follows.  The temperature was initially increased from room temperature to 150
o
C at 
a rate of 5
o
C/min.  After 5 min at 150
o
C, the temperature was further increased to 500
o
C 
at a rate of 1
o
C/min.  The samples were kept at 500
o
C for 60 min in order to remove the 
organic phases thoroughly.  
 
6.2.6. Photocatalytic Reactions with Nanoreactors    
In order to test the perforation of vertical pores of samples, we had carried out 
photoassisted deposition of gold nanoparticles and photocatalytic degradation of methyl 
orange (C14H14N3NaO3S) using calcined samples of TiO2@SiO2 (route (i), Figure 6-1) 
and TiO2@SiO2 (route (iv), Figure 6-1), respectively.  In photoassisted deposition of 
gold nanoparticles, 15 mg of TiO2@SiO2 powder sample (route (i), Figure 6-1) was 
dispersed into 4.0 mL of ethanol in a glass sample vial, followed by the addition of 50 
L of 30 mM HAuCl4 aqueous solution.  Then the sample vial was sonicated for 5 min 
to have a good dispersion of mesoporous SiO2 spheres.  It was later placed into a dark 
chamber under UV irradiation (Hg lamp, 125 W, Philips; with a cutoff filter at  = 360 
nm) for 20 min.  Product was collected by centrifugation for further study.     
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In the photocatalytic degradation of methyl orange, 0.01 g of powder of microporous 
SiO2 spheres or TiO2@SiO2 (route (iv), Figure 6-1) synthesized via dual-templating 
method in Subsection 2.4 was dispersed into a 50.0 mL of methyl orange aqueous 
solution (5 mg/L) via sonication; the mixture was then stirred at room temperature in a 
dark cell for 4 h to achieve adsorption equilibrium for methyl orange.  Afterward, the 
solidsolution mixture was illuminated by the Hg lamp (125 W, Philips; with a cutoff 
filter at  = 360 nm) for 15 to 120 min, during which a volume of 3.5 mL of solution 
together with the catalyst was drawn out at the time of 15 min, 1 h and 2 h in order to 
determine the concentration of the remaining reactant using UV-visible 
spectrophotometry (UV-2450, Shimadzu); the solutions used for this measurement were 
separated respectively from the catalyst by filtration (Acrodisc Syringe Filter, 0.2 µm 
Supor Membrane). 
 
6.2.7. Materials Characterization    
The ordered microporous structures of the as-prepared products were determined by X-
ray diffraction and small angle X-ray diffraction (XRD, XRD-6000, Cu Kα, Shimadzu) 
respectively.  The structural and morphological information of all the nanoparticles and 
nanocomposites were obtained by transmission electron microscopy, high-resolution 
TEM (TEM, JEM-2010 and JEM-2100F, 200 kV, Joel) and field emission scanning 
electron microscopy (FESEM, JSM-6700F, Joel).  Compositional investigation for 
some interested samples was carried out with Fourier transform infrared spectroscopy 
(FTIR, FTS-3500ARX, Bio-Rad) and X-ray photoelectron spectroscopy (XPS, AXIS-
HSi, Kratos Analytical).  The X-ray photoelectron spectra of the studied elements were 
referenced to the C 1s peak arising from adventitious carbon (its binding energy was set 
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at 284.6 eV).  The content of surfactant in silica was determined using 
thermogravimetric analysis (TGA, TGA-2050, TA instruments).  Specific surface area 
and porosity of the samples were determined with Brunauer-Emmett-Teller (BET) and 
Barrett-Joyner-Halenda (BJH) methods (NOVA-3000, Quantachrome Instruments) with 
adsorption and desorption of nitrogen gas.  
 
6.3 Results and Discussion 
6.3.1 Creation of Interior Space via Ostwald Ripening    
As described in Figure 6-1, under solvothermal conditions, five main types of 
mesoporous SiO2 spheres with controllable interior spaces, nanomaterial inclusions, 
porosity, and shell architectures can be obtained from the developed processes.  In 
particular, functional materials can be introduced into the central spaces of these 
mesoporous SiO2 spheres through pre-installation or on-site synthesis.  Such resultant 
systems, which should be viewed as complex multicomponent nanocomposites, may 
find new types of applications.  For instance, they could be considered as catalyst-
containing “membrane nanoreactors” for advanced heterogeneous catalysis, performing 
size selection for reactants and products.  Further combinations and/or modifications of 
the above synthetic routes are still possible, which will also be addressed in later parts 
of this article.  
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Figure 6-1 Schematic illustrations for some major synthetic routes developed to prepare 
mesoporous SiO2 spheres and their derived products: (i) creation of interior space 
through Ostwald ripening, (ii) inclusion of nanoparticles into the central space while 
synthesizing SiO2 hollow spheres with routes (i), (iii) generation of a smooth inner wall 
for the interior space through soft-templating (central micelles in light purple color), (iv) 
encapsulation of nanoparticles into the central space while preparing SiO2 hollow 
spheres according to route (iii), and (v) architecture of double-shelled structures for 
SiO2 hollow spheres.  SiO2 phase is represented by a range of blue colors; a deeper 
color represents for a more condensed SiO2 phase.  Other processes extended from the 
above synthetic routes are described directly in the main text, but not illustrated herein. 
 
TEM images of Figure 6-2 show a few evolutionary steps of creating interior spaces for 
the as-prepared SiO2 spheres in accordance to route (i) of Figure 6-1.  At 100
o
C, solid 
SiO2 spheres are readily formed with an average diameter of about 57314 nm (Figure 
6-2a).  A closer examination on the surface region reveals that there are straight 
mesopores formed perpendicularly to the centre of the spheres (Figure 6-2b).   
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Figure 6-2 TEM/HRTEM images of mesoporous SiO2 spheres prepared according to 
route (i) of Figure 1: (a-b) 100
o
C for 3 h, (c-d) 120
o
C for 2.3 h, (e-f) 120
o
C for 4 h, and 
(g-h) 180
o




C, the star-shaped interior voids become observable while their overall spherical 
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diameter 57118 nm, Figure 6-2c-d).  After a longer ripening time (Figure 6-2e), the 
interior spaces can be observed more clearly in these SiO2 spheres (average diameter 
63538 nm, Figure 6-2e-f).  At higher process temperatures, the evacuation of central 
solid can be accelerated.  Large central spaces and large domains of highly ordered 
straight channels in hexagonal array are generated in the ripened spheres (average 
diameter 61113 nm, Figure 6-2g-h).  Apart from varying the process temperature, we 
have also carried out two series of time-dependent experiments while keeping the 
process temperature constant. 
In Figure 6-3a (at 120
o
C; the corresponding TEM images are given in Figure 6-4) and 
Table 6-1, one can find that the (10) inter-plane distance (d10) of the 2D hexagonal 
symmetry (space group p6m) increases upon the ripening time from 1 h (d10 = 3.2 nm) 
to 3 h (d10 = 3.5 nm) and keeps essentially identical for longer process times (3 to 12 h).  
Moreover, there is an optimal ripening time of 3 h to attain the most highly ordered 1D-
channel arrangement at this temperature, judging from the diffraction intensity of the 
(10) peak in the XRD patterns.  By rising temperature to 140
o
C, the ripening process 
can be speeded up.  However, it still took 6 h to obtain an equivalent product to that of 
Figure 6-2g-h (180
o
C, 4 h).  Figure 6-3b shows a HRTEM image at a high 
magnification for the above mentioned sample (140
o
C, 6 h).  The 1D-channels in 
hexagonal arrangement can be seen clearly, noting that these pores are parallel to the 
incident electron beam of TEM, and the FFT pattern produced from the central area of 
the image also confirms this structural feature.  For those mesopores perpendicular to 
the electron beam of TEM, they are seen as “lines” projecting in all directions (around 
all 360
o
 in the boundary areas of the image).  The above observations on the formation 
of central interior space can also be explained by Ostwald ripening mechanism.
56
 Over 
the past six years, this ripening process has been found operative in generating interior 
Chapter 6 Creation of Interior Space, Architecture of Shell Structure and Encapsulation of Functional 




spaces for a great number of micro- and nanospheres of crystalline metal-oxides.
57-75
 In 
the present case, the initial sol-gel-derived SiO2 matrices apparently become more 
compact upon the ripening treatment since the central space is created.   
 
Figure 6-3 (a) XRD pattern evolution for the syntheses of mesoporous SiO2 spheres at 
120
o
C over a time period of 1 to 12 h (route (i) of Figure 6-1), and (b) a HRTEM image 
and its related FFT pattern (inset) of SiO2 sphere synthesized at 140
o
C for 6 h (i.e., route 
(i) of Figure 1; also refer to 6-4 and 6-4). 
 
Similarly, as evidenced in the XRD patterns of Figure 6-3a, the 1D-channels formed 
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SiO2CTAB hybrid) are also better aligned, that is they are better “crystallized” after 3 
h of reaction at 120
o
C, accompanied with the observed condensation of the SiO2 matrix 
phase.  To the best of our knowledge, the findings presented in Figures 6-2 and 6-3 are 
the first example of hollowing amorphous solid spheres via Ostwald ripening 
mechanism.
59
    
 
 
Table 6-1 Properties of some representative mesoporous SiO2 spheres in this work 
Sample d10 (nm)
 a a0




t = 1 h 3.2 3.7 - - 
t = 3-12 h 3.5 4.0 - - 
Fig. 4 
120oC 3.5 4.0 951.1 1.9 
140oC 3.5 4.0 603.9 1.9, 3.8 
180oC 3.5 4.0 125.0 1.9 
Fig. 7 
DDT (50 µL) 4.5 5.2 760.0 1.8 
DDT (150 µL) 4.5 5.2 468.5 1.8 
Fig. 10 
120oC 3.6 4.2 924.9 1.9 
140oC 3.6 4.2 421.1 1.9, 2.8 
180oC 3.6 4.2 137.5 1.9, 5.8 
Chapter 6 Creation of Interior Space, Architecture of Shell Structure and Encapsulation of Functional 





Figure 6-4 Evolution of mesoporous SiO2 spheres via route (i) of Figure 1 at constant 
temperature Experimental conditions : (a-b) 25.0 mL of EG + 0.2 g of CTAB + 60 L 
of TEOS + 2.5 mL of 6.4 wt% ammonia solution, solvothermal reaction was carried out 
at 120
o
C for 1 h., (c-d) 125.0 mL of EG + 0.2 g of CTAB + 60 L of TEOS + 2.5 mL of 
6.4 wt% ammonia solution, solvothermal reaction was carried out at 120
o
C for 3 h, (e-f) 
25.0 mL of EG + 0.2 g of CTAB + 60 L of TEOS + 2.5 mL of 6.4 wt% ammonia 
solution, solvothermal reaction was carried out at 120
o
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Figure 6-5 Synthesis of mesoporous SiO2 spheres via route (i) of Figure 6-1 at different 
temperatures. (a): 25.0 mL of EG + 0.2 g of CTAB + 60 L of TEOS + 2.5 mL of 6.4 
wt% ammonia solution.  The solvothermal reaction was carried out at 120
o
C for 4 h. (b): 
25.0 mL of EG + 0.2 g of CTAB + 60 L of TEOS + 2.5 mL of 6.4 wt% ammonia 
solution.  The solvothermal reaction was carried out at 140
o
C for 4 h. (c): 25.0 mL of 
EG + 0.2 g of CTAB + 60 L of TEOS + 2.5 mL of 6.4 wt% ammonia solution.  The 
solvothermal reaction was carried out at 180
o
C for 4 h. 
 
To further address the factors dictating the above ripening process, Figure 6-6a 
compares the XRD patterns of three samples of mesoporous SiO2 spheres synthesized at 
varying temperatures, while keeping the reaction time as a constant at 4 h.  Judging by 
the diffraction intensities of (10) peaks, it is found that all samples possess similar inter-
plane distance (d10 = 3.5 nm), but the regularity (the ordering) of mesopore is 
deteriorated with the increase of reaction time.  In particular, the (10) peak of the 
180
o
C-synthesized sample becomes hardly recognizable.  This result is also consistent 
with our TEM observation that a significant solid evacuation for the central hybrids 
takes place and the profound structural reconstruction is associated with gel matrix 
 
c 
Chapter 6 Creation of Interior Space, Architecture of Shell Structure and Encapsulation of Functional 




condensation and relocation at this temperature (180
o
C; Figure 6-2g-h; this observation 
will be further discussed in Figure 6-7 shortly).  Specific surface area and porosity of 
the above samples were also measured with BET and BJH methods.  The adsorption-
desorption isotherms of liquid nitrogen for these samples are displayed in Figure 6-6b.  
These curves can be assigned to type IV isotherms with a typical H4 hysteresis loop 
according to IUPAC classification (which is associated with capillary condensation 
inside the pores).
53
  Also listed in Table 6-1, the specific surface areas for the above 
mesoporous SiO2 spheres are 951.1, 603.9 and 125.0 m
2
/g, respectively.  The substantial 
decrease in the specific surface area can be attributed to the condensation of SiO2 gel 
structure which enlarges the central hollow space and shortens the 1D-channels within 
the SiO2 spheres with a prolonged ripening time.  Additionally, in Figure 6-6c, all the 
three samples have a sharp peak distributed around 1.9 nm, indicating that the 1D 
supramolecular CTAB-assemblages serve as a template for the growth of perpendicular 
pores essentially does not change over the process temperature range from 120 to 180
o
C.   
In the above ripening process, we have observed it from TEM images that the initial 
void formation gives some polygonal shapes with their sharp corners projecting from 
the centre of sphere (e.g., star-shaped voids with sharp corners, Figure 6-2).  In 
association to the XRD patterns in Figure 6-6a, furthermore, the evolution of the central 
space upon the solvothermal reaction temperature with Ostwald ripening mechanism 
has also been investigated with TEM technique and the results have been given in 
Figure 6-5 (4 h at 120, 140 and 180
o
C respectively).   
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Figure 6-6 Characterization of mesoporous SiO2 spheres synthesized at 120, 140 and 
180
o
C for 4 h according to route (i) of Figure 6-1: (a) XRD patterns (uncalcined 
samples), (b) nitrogen adsorption-desorption isotherms (calcined samples), and (c) pore 
size distribution curves (BJH method).  
 
Interestingly, the number of polygonal edges in the central void space is gradually 
reduced with the ripening of the SiO2CTAB hybrid spheres.  For example, both 
hexagonal and pentagonal central voids in the TEM images can be observed quite 
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C, but the pentagonal central voids become predominant at 140 and 
180
o
C.  It should be recognized that the polygonal shapes observed in these TEM 
images indicate the formation of polyhedral central spaces in the SiO2 spheres, and the 
reduction in the polygonal edges in (2D) TEM images would correspond to the 
reduction in the boundary planes of (3D) polyhedral central spaces, although actual 
number of the boundary planes is difficult to be determined directly from the TEM 
images.  In some cases at 180
o
C, intriguingly, the original spherical SiO2 turns into a 
“boxy sphere”, giving rise to a cube-like central space (Figure 6-5).  The observed 
transformation of spherical SiO2 to final cubical SiO2 reveals a spontaneous tendency of 
surface flattening of mesoporous SiO2 spheres.  More specifically, there is clearly a 
strong driving force for 1D supramolecular assemblages of CTAB to achieve a more 
parallel alignment, as depicted in Figure 6-7a(1) to 6-7a(2), which would lead to 
interpenetration of the 1D-assemblies of CTAB form neighboring domains, noting that 
this interpenetration could cause severe stresses on the SiO2 channels in the central 
region (Figure 6-7a(2)), and the SiO2 gel phase in this overlapping region becomes 
more prone to ripening.   
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Figure 6-7 Schematic illustrations for formation processes of different interior spaces 
and shell structures of mesoporous SiO2 spheres (refer to Figure 1): (a) route (i)  
formation of solid SiO2-CTAB hybrid (1), CTAB rod-like assemblies become more 
parallel upon aging (2), and evacuation of central SiO2-CTAB due to stress (3); (b) 
route (iii)  formation of micelle (1), deposition of SiO2-CTAB (2), and removal of soft 
templating micelle (3); and (c) route (v)  formation of SiO2-CTAB core sphere (1), 
deposition of less ordered SiO2-CTAB shell (2), and creation of spaces in the central 
core and interfacial region (3).  Light green lines represent for CTAB rod-shaped 
assemblies imbedded in the silica matrices.   
 
Due to further gel condensation and thus shortening the SiO2 mesopores, the observed 
pseudo-cubic space (and similarly other types of pseudo or irregular polyhedral space) 
results (Figure 6-7a(3)).  Nonetheless, because of the significant reconstruction involved 
at a higher solvothermal temperature, the long-range-order of the 1D-assemblies of 
CTAB could hardly be maintained, as had shown in the sample prepared at 180
o
C of 
Figure 6-6.   
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6.3.2 Preparation of Smooth Inner Wall via Soft-templating    
It is noted that the surfaces of interior space in the above mesoporous SiO2 spheres 
prepared through the Ostwald ripening are generally not smooth owing to dynamical 
matter relocation involved in this non-templating process.  From a practical viewpoint, 
the uneven surfaces may provide a larger inner wall for distribution of desired 
functional materials, compared to a smoother inner surface.  Moreover, uneven surfaces 
normally imply presence of more defect locations and thus more active sites.  
Geometrically, nevertheless, the shell thickness of these SiO2 spheres is not constant, 
giving different travelling lengths for reactants and products inside and outside of this 
type of “nanoreactors” when chemical reactions are involved.  From a fundamental 
viewpoint, therefore, it is also desirable to attain truly spherical mesoporous SiO2 with 
constant shell thickness.  To this end, we have found that if a small amount of 
alkanethiols (such as DDT; an oil phase) is introduced to the same EGwater system 
used in Subsection 6.3.1, hollow spheres of SiO2 with a much smoother inner surface 
can be produced, as illustrated in Figure 6-1 (i.e., route (iii)).  TEM images of some 
representative products with a perfect spherical central space according to this synthetic 
route are displayed in Figure 6-8.  Because they do not mix well with the aqueous phase 
(EGwater), DDT molecules mainly serve as an oil phase in forming micelles in the 
resultant “oil-in-water” emulsion.  Of course, since they also have a hydrophilic thiol 
head-group, DDT molecules may also work as a surfactant, together with other organic 
molecules such as EG and/or CTAB in the interfacial regions between the oil and water 
phases, as described in Figure 6-7b, in which the thiol groups of DDT are expected to 
immerse into the EGwater phase.  The resultant micelles then serve as a soft template 
for the deposition of SiO2CTAB hybrid shell (also refer to Figure 6-1(iii)).  
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Figure 6-8 TEM images of mesoporous SiO2 spheres prepared according to route (iii) 
of Figure 1: (a-c) with 0.2 g of CTAB + 0.37 mL of DDT at 120
o
C for 4 h, (d-f) with 
0.2 g of CTAB + 0.15 mL of DDT at 120
o
C for 3 h, (g-i) with 0.05 g of CTAB + 0.37 
mL of DDT at 120
o
C for 3 h, and (j-l) with 0.1 g of sodium citrate + 0.2 g of CTAB + 
0.05 mL of DDT at 120
o
C for 3 h.    
 
500 nm 300 nm 50 nm 
500 nm 50 nm 40 nm 
400 nm 60 nm 40 nm 
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Figure 6-9 Characterization of mesoporous SiO2 spheres prepared according to route 
(iii) of Figure 1: (a) Representative FTIR spectra of the as-prepared SiO2 spheres before 
and after calcination, (b) XRD patterns (uncalcined samples), and (c) nitrogen 
adsorption-desorption isotherms (inset) and pore size distribution curves (BJH method) 
of mesoporous SiO2 spheres (calcined samples) synthesized with different amounts of 
DDT.  
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Illustrated in Figure 6-8j-l, when a small amount of sodium citrate is used in synthesis, 
inter-spherical aggregation can be eliminated entirely.  In accordance to “oil/water” 
ratio in synthesis, furthermore, when less DDT is used, the central space of the 
SiO2CTAB spheres could also be reduced.  This controllability has been elucidated in 
our products prepared using different starting precursors (e.g., Figure 6-8j-l, where the 
average sphere size is 66340 nm).  
Fourier-transform infrared (FTIR) spectra of Figure 6-9a show that in the as-prepared 
spheres (uncalcined sample), the asymmetric and symmetric vibrational modes of CH 
are located at 2923 and 2851 cm
1
 (as(CH2) and s(CH2)).
76
  The peak at 1477 cm
1
 
belongs to the scissoring mode (δ) of CH2, indicating that the methylenes in the alkyl 
chains have an all-trans conformation,
77
 which indeed confirms the inclusions of CTAB 
molecules in the SiO2CTAB hybrid spheres.  On the other hand, the presence of SiO2 
phase is evidenced in the asymmetric stretching, symmetric stretching, and bending 
vibrations of SiOSi are found at 1084, 800 and 462 cm1 respectively.  Furthermore, 
the IR absorption peak located at 965 cm
1
 can be assigned to the stretching vibration of 
SiO in SiOH bond, and the peaks at 1633 and 3416 cm1 to the H2O and OH 
adsorbed on the surface of SiO2 phase.
78, 79
   
We have also investigated structural and surface properties of this set of hollow spheres.  
Shown in the XRD patterns of Figure 6-9b, in general, the hexagonal arrangement of 
1D-assemblies of CTAB molecules in the shell structure is not as ordered as those 
reported in Figures 3a and 4a, and the hexagonal regularity observed in TEM images is 
less obvious when DDT is added (Figure 6-8), compared to those reported in Figures 6-
2 and 6-3b.  Nevertheless, pore structures of silica phase are essentially identical before 
and after removal of the organic phase.  In general, pore regularity is higher when a 
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smaller amount of DDT molecules is included (50 L) whereas that decreases when the 
amount of DDT used is greater (150 L).  Both TEM (Figure 6-8) and XRD results 
(Figure 6-9b) indicate that there is an optimal amount of DDT for the controls of central 
space and pore structure.  When it is overused, however, micelles formed by DDT 
molecules become more interconnected, as shown in Figure 6-8g-i.  However, direct 
interruption to the hexagonal packing of the linear CTAB assemblages by entrapping 
DDT molecules can be ruled out on the basis of our XPS analysis (see Figure 6-10 
shortly).  From Figure 6-9c, one could find that a larger surface area is obtained when 
the amount of DDT is reduced.  This might be due to the smaller oil-droplets formed 
with less DDT in the emulsions.  However, the DDT molecules will not alter the pore 
size of SiO2 spheres which is shown by BJH pore size distribution graphs in Figure 6-9c.  
The peaks of pore size distribution are at the same position (1.8 nm), suggesting that 
DDT molecules do not enter the 1D-assemblages of CTAB as a swelling agent to 
enlarge the cylindrical pores, but they are essential for the formation of central void 
spaces.  In Figure 6-9c (inset), the adsorption-desorption isotherms of liquid nitrogen 
for two representative samples are reported.  Similar to those in Figure 6-6b, they 
belong to type IV isotherms with a typical H4 hysteresis loop following IUPAC 
classification,
53
 and the specific surface areas for the mesoporous SiO2 sphere samples 
are 760.0 and 468.5 m
2
/g (Table 6-1), respectively.  It should be mentioned that 
mesoporous SiO2 hollow spheres with porosities in the range of 2.03 to 2.90 nm had 
been synthesized using PVP and CTAB as co-templates.
33
 Using the DDT and CTAB in 
our present soft-templating approach, quite encouragingly, we have successfully pushed 
the porosity of SiO2 hollow spheres toward mesoporous regime of 1.8 nm, as reported 
in Figure 6-9c. 
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Our XPS analysis reveals that there is no inclusion of DDT in the as-prepared 
SiO2CTAB hybrid spheres (Figure 6-10) because of absence of S 2p photoelectrons in 
the samples prepared with this route.  A comparative thermogravimetric analysis (TGA) 
was further carried out for two types of mesoporous SiO2 spheres prepared according to 
route (i) and route (iii) of Figure 6-1.  In Figure 6-11a, small DrTGA peaks at 58.5 and 
107
o
C can be assigned to the evaporation of ethanol and moisture adsorbed on the large 
surfaces of SiO2 spheres.  The major weight loss at 245.0
o
C is attributed to the 
decomposition of CTAB molecules, and another sharp weight decrease at the higher 
temperature of 308.8
o
C is probably attributable to the decomposition of silanol or 
unhydrolyzed silane.
80
 Similarly, in Figure 6-11b, the peak at 102.6
o
C is ascribed to the 
evaporation of ethanol and moisture, and the peaks at 216.5 and 287.7
o
C are due to the 
decomposition of organic surfactants and silanol/silane, respectively.  
It is interesting to note that all the major thermal events in the latter case have shifted to 
lower temperatures due to existence of shorter 1D-channels (Figure 6-8) when DDT is 
used in synthesis as a soft spherical template. Also quite interestingly, while the 
mesopores in these samples are essentially not changed (1.8 nm, Figure 6-9c), their d10 
spacing has a broader value at 4.5 nm (Figure 6-9b, Table 1), compared to those in 
Subsection 6.3.1 (3.53.6 nm, Table 6-1).  Nevertheless, the value measured herein 
should not be overemphasized since the actual hexagonal structure of the 1D-assemblies 
of CTAB molecules is rather disordered (e.g., Figure 6-8i).   
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Figure 6-10 XPS analytical results (wide-scans and narrow-scans). 
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Figure 6-11 TGA and DrTGA curves of mesoporous SiO2 spheres prepared according 
to (a) synthetic route (i) at 120
o
C for 3 h, and (b) synthetic route (iii) at 120
o
C for 3 h 
(see Figure 6-1).    
 
Consistent with the TGA findings, the oxidative removal of CTAB assemblies from less 
ordered shell structures should also be easier.  On the other hand, the nominal expansion 
in inter-plane distance could also be attributed to a weaker two-dimensional columnar 
interaction among the linear supramolecular assemblages of CTAB when they are in 
turn assembled perpendicularly on the existing spherical surface of the DDT templating 
droplets (i.e., micelles).  
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6.3.3 Architecture of Shell Structures    
The above two types of mesoporous SiO2 spheres are single-shelled.  In order to 
illustrate synthetic flexibility of the present approaches, we have also investigated the 
effects of CTAB molecules on the architecture of shell structures in addition to their 
templating role for porosity.  More specifically, by adjusting the ratio of CTAB to 
TOES in synthesis, a third type of mesoporous SiO2 products can be further obtained 
(route (v), Figure 6-1).  In Figure 9, some of TEM images of this type of products are 
displayed.  When the weight of CTAB in the starting precursor chemicals was reduced 
to 0.05 g, the spheres seem to divide into core (darker) and shell (lighter) regions as 
shown in the grey scales of the image contrasts (e.g., 140
o
C, Figure 9a-c, where the 
average sphere size is 51012 nm).  With longer reaction times or at higher 
temperatures (e.g., 180
o
C, Figure 9d-f), hollowing the central core and generating the 
vacant space between the core and shell can be further attained, resulting in a double-
shelled sphere morphology, where the mean diameter of the spheres is 65718 nm and 
their outer shell thickness is ca 76 nm (Figure 9f).  Keeping the reaction temperature 
constant while prolonging the reaction time, similar double-shelled SiO2 spheres can 
also be obtained.   
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Figure 6-12 TEM images of mesoporous SiO2 spheres prepared according to route (v) 
of Figure 1: (a-c) CTAB = 0.05 g and at 140
o
C for 2 h, (d-f) CTAB = 0.05 g and at 
180
o
C for 4 h, (g-h) CTAB = 0.10 g and at 180
o
C for 3 h, and (g) a modified route (v) 
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Figure 6-13 Synthesis of double-shelled mesoporous SiO2 spheres via route (v) of 
Figure 6-1 after different reaction times (1, 2, and 6 h) at 140
o
C. Experimental 
conditions: 25.0 mL of EG + 0.05 g of CTAB + 60 L of TEOS + 2.5 mL of 6.4 wt% 
ammonia solution.  The solvothermal reaction was carried out at 140
o




To understand their formation mechanism, we had carried out a series of time-
dependent experiments at 140
o
C for 1, 2 and 6 h (TEM images of these samples are 
1 hour 




Average diameter = 674 nm 
 
6 hour 
Average diameter = 
698 nm 
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detailed in Figure 6-13). After 1 h of reaction, no clear core-shell structure was obtained; 
instead, only solid spheres (i.e., the SiO2CTAB cores of Figure 6-7c(1)) were produced.  
At the time of 2 h, the shell phase was deposited on the core and the image contrast of 
shell became much lighter and the centre core was darker (Figure 6-7c(2)).  This is a 
strong indication that the SiO2 core and shell have different textures.  It became more 
obvious at the time of 6 h that the shell was more separated and central hollow space 
further developed (Figure 6-7c(3)).  The progressive generation of spaces in these 
double-shelled SiO2 spheres can also be ascribed to the Ostwald ripening process, 
similar to those reported in Figure 6-2 - Figure 6-6.  When the weight of CTAB was 
gradually increased (e.g., 0.07 or 0.10 g), the boundary between the core and shell is 
less abrupt and the final SiO2 products should then be viewed as single-shelled spheres 
(Figure 6-12g-h).  Nonetheless, the resultant shells in these spheres can still be divided 
into two different regions: the inner region is more compact while the outer one is a bit 
loose, as can be seen from the image contrasts.  When the CTAB finally reached 0.20 g, 
the hierarchical shell structure observed in Figure 6-12g-h returned back to the vertical 
cylindrical pore structure, as reported in Figure 6-2 - Figure 6-6.  Further modifications 
of shell architecture are still possible.  For example, the inter-shell distance can be 
significantly enlarged by adding a small amount of sodium citrate in synthesis, as 
demonstrated in Figure 6-12i and detailed in Figure 6-13.  It should be pointed out that 
because of much smaller amounts of CTAB added in the syntheses of Figure 6-12, the 
flattening of spheres observed in Figure 6-5 (Figure 6-7a) was not observed in this 
series of experiments.  In fact, all the products are perfectly spherical.   
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Figure 6-14 Double-shelled microporous SiO2 spheres synthesized via a modified route 
 (v) of Figure 6-1. Experimental conditions: (a) 2.0 mg of P25 powder (about 30 nm) + 
 2.0 mL deionized water + 0.2 g of sodium citrate, sonicated for 30 min; (b) The 
mixture  (a) + 0.5 mL of 32 wt% ammonia solution; (c) The mixture (b) + 25.0 mL of 
EG + 0.2 g of CTAB + 240 L of TEOS + 50 L of DDT, stirred for 5 min; and  (d) 
The mixture (c) was undergone the solvothermal reaction at 120
o
C for 3 h. 
 
Figure 6-15a reports the results of our XRD investigation for this type of mesoporous 
SiO2 spheres.  Despite the d10  3.6 nm for all the samples (Table 6-1), the spheres 
synthesized at 120
o
C possess a higher degree of ordering of the hexagonal pore arrays, 
and this ordering gradually disappears as process temperature increases, judged by the 
relative intensities of (10) and (20) peaks.
 81
  At 140
o
C, the (10) peak becomes weaker 
and the (20) disappears, indicating the presence of worm-hole-like pore structure instead 
of the long-range ordered array.
82, 83
 The regularity of hexagonal pore alignment is 
further deteriorated at 180
o
C as the diffraction peak of (10) becomes virtually negligible.  
Under higher magnifications (Figure 6-15), it is found the channel-like pores in the 
inner shells (i.e., located in the central core part) are straighter and more parallel to the 
radius of a sphere, compared to less aligned pores in the outer shells (Figure 6-12c and 
Figure 6-15).  Therefore, the intensities of diffraction peaks of Figure 6-16a are largely 
contributed by the better aligned mesopores in the inner shells.  In this agreement, the 
adsorption-desorption isotherms of liquid nitrogen displayed in Figure 6-16b can also be 
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classified to type IV isotherms with a typical H4 hysteresis loop (IUPAC 
classification).
53
  Specific surface areas determined from BET analysis shown in Figure 
6-16b are 924.9, 421.1 and 137.5 m
2
/g for the samples prepared at 120, 140 and 180
o
C 
respectively.  The reduction in surface area upon the reaction temperature can be 
attributed to remarkable coarsening of the outer shell and hollowing of central core at a 
higher process temperature (e.g., 180
o
C).  In addition, Figure 6-16c shows that although 
all the samples have templated mesopores located at ca 1.9 nm, broader peaks appear at 




Similar to those observed in Figure 6-6c, the pore population at ca 1.9 nm decreases 
while those at 2.8 nm or 5.8 nm increase in these bimodal profiles, indicating that some 
of the pristine mesopores have merged or corrupted into bigger mesopores at higher 
process temperatures.  Combining the TEM, BET/BJH and XRD results together, it is 
known that reactions at higher temperatures are detrimental for the formation of CTAB-
templated mesopores (1.9 nm).  Because of insufficient templating support form the 
CTAB molecules, Ostwald ripening and SiO2 condensation could take place more easily 
at higher temperatures, leading to less ordered pore structure and pore enlargement in 
the final products.  
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Figure 6-15 TEM and HRTEM images of double-shelled mesoporous SiO2 spheres. (a): 
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Figure 6-16 Characterization of mesoporous SiO2 spheres synthesized at 120, 140 and 
180
o
C for 4 h according to route (v) of Figure 1: (a) XRD patterns (un-calcined 
samples), (b) nitrogen adsorption-desorption isotherms (calcined samples), and (c) pore 
size distribution curves (BJH method).  
 
 
With the above temperature and time controlled experiments, we are now able to further 
address the growth mechanism of double-shelled mesoporous SiO2 spheres.  When a 
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smaller amount of CTAB is used (i.e., under a larger TEOS/CTAB ratio than that used 
in route (i), Figure 6-1) in synthesis, normal SiO2CTAB hybrid spheres are still first 
formed, that is, TEOS molecules still hydrolyze among the CTAB rod-like templates 
according to route (i) of Figure 6-1.  However, the remaining TEOS precursor would 
continue to hydrolyze and agglomerate/deposit onto the surface of the preformed 
SiO2CTAB cores, resulting in a CTAB-deficit SiO2 shell.  With an increase in 
temperature or reaction time, Ostwald ripening and coarsening processes greatly 
influence the final shell density and a clear interfacial void results.  Similarly, an interior 
space is also generated in the central core, giving rise to the observed double-shelled 
structure.  The above discussion can be better visualized with the schematic illustration 
in Figure 6-7c.  
 
6.3.4 Encapsulation of Nanoparticles and Applications    
With the inspiration of the concept of nanoreactors, we have encapsulated different 
functional materials (Au, Ag/Au, Ag, ZnS, TiO2, Co3O4, and PAN) into the central 
spaces of the porous SiO2 spheres (Figure 11a-f).  There are two basic methods 
developed in this work which allow one to enwrap these functional materials.  In the 
first one (preinstalled method), desired nanoparticles are mixed with starting synthetic 
precursor solutions, as illustrated in routes (ii) and (iv) of Figure 6-1.  In the second one 
(on-site synthetic method), the as-prepared hollow spheres of SiO2 are used as empty 
“containers” (i.e., the SiO2 hollow spheres prepared from the routes (i), (iii) and (v) of 
Figure 6-1) and the nanomaterials are then on-site synthesized in the central spaces.  As 
shown in Figure 6-17a, multiple gold nanoparticles have been introduced successfully 
into the central part of the SiO2 sphere.  On the other hand, in Figure 6-17b, a single 
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gold nanoparticle can be grown directly just inside a SiO2 sphere according to route (i) 
of Figure 6-1.  Compared with the external surface, as discussed earlier, the interior wall 
of the SiO2 spheres is more reactive due to its surface roughness, which explains why 
the nucleation of gold clusters can be selectively taken place inside the containers.  
Since the subsequent growth is a diffusion controlled process through the shell channels, 
a singular particle is usually produced through this synthetic insertion.  Moreover, the 
metal particles can occupy an entire space of the central void if desired, and in principle 
more complex nanoparticles can also be brought into the central space of SiO2 spheres.  
In Figure 6-17c, for example, silver can also be coated onto a gold nanoparticle that has 
been pre-grown (Figure 6-17b).  These experiments collectively demonstrate that the 
interior and external spaces are interconnected well through the mesoporous channels of 
the SiO2 shells. In addition to the synthesis of inorganic materials, we further carried out 
organic synthesis inside these “nanoreactors”.  In particular, the polymerization of 
aniline was chosen to be a model reaction to elucidate the workability of the reactors.  
At first, monomer aniline dissolved in ethanol solvent was introduced to the porous 
SiO2 spheres with assistance of ultrasonication.  The chemical polymerization was then 
commenced with addition of initiators ammonium peroxydisulfate and hydrochloride 
acid. 
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Figure 6-17 TEM images of ten encapsulated nanomaterials at SiO2 (refer to Figure 6-
1): (a) Au@SiO2 (route (ii)), (b) Au@SiO2 (route (i)) (c) Ag/Au@SiO2 (route (i)), (d) 
PAN@SiO2 (route (i)), (e) ZnS@SiO2, (f) Co3O4@SiO2 (route (ii)), (g) Co3O4@SiO2 
(route (iv)), (h) TiO2@SiO2 (route (iv)), (i) TiO2@SiO2 (route (ii)), and (j) 
Au/TiO2@SiO2 (route (ii)). 
 
Figure 6-17d gives a PAN@SiO2 sphere prepared according to this reaction approach 
(Figure 6-1(i) and Figure 6-18).  Similarly, the same polymerization can also be 
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conducted inside the central spaces of the double-shelled SiO2 spheres (Figure 6-1(v) 
and Figure 6-18).  However, due to the difficulty of the reactants in diffusing through 
the double shells, the polymerization could also take place outside the spheres.  Besides 
the aniline polymerization in liquid phase, the as-prepared PAN@SiO2 organic-
inorganic hybrid spheres were further tested for gassolid reactions.  Interestingly, the 
PAN solid can be completely removed through simple combustive oxidation in 
laboratory air at 500
o
C, leaving the pure silica spheres intact (Figure 6-18).  Once again, 
the above liquid phase and gas phase reactions both confirm that the inner and outer 
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Figure 6-18 TEM images of PAN@SiO2 spheres before and after calcinations. (a): 
PAN@SiO2 (route (i), Figure 6-1) before calcinations, (b): PAN@SiO2 (route (i), 
Figure 6-1) after calcinations. (c): PAN@SiO2 (route (v), Figure 6-1) before 
calcinations, (d): PAN@SiO2 (route (v), Figure 6-1) after calcinations.  
 
Unlike the small noble metal nanoparticles, which are easy to fuse/agglomerate during 
the solvothermal treatments (e.g., Figure 11a), transition metal oxides and sulfides are 
relatively stable to sustain solid evacuation in the synthetic routes (ii) and (iv) depicted 
in Figure 6-1.  In Figure 6-17f-g, two types of Co3O4@SiO2 nanocomposites 
b 
d 
* Calcination condition: The 
PAN@SiO2 powder was calcined in a 
programmed heating process: from 
room temperature to150oC (heating 
rate 5oC/min, stayed at 150oC for 5 
min), then to 500oC (heating rate 
1oC/min, stayed at 500oC for 60 min). 
 
c 
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synthesized according to the above two routes are displayed.  As can be seen, the initial 
cubic shape of the Co3O4 powder remains unchanged after the solvothermal treatment.  
Similarly, two types of TiO2@SiO2 composite products are also reported in Figure 6-
17h-i, respectively.  The included TiO2 powder with the size of around 3040 nm can 
be observed in the central cavities, noting this size range is consistent with the average 
size of the as-received P25 powder.  Finally, it should be mentioned that a second or 
even a third kind of nanoparticles can also be added into these SiO2 spheres.  In Figure 
6-17j, we demonstrate that gold nanoparticles (AuNPs; with darker image contrasts) can 
be further introduced into the TiO2@SiO2 of Figure 6-17i, giving rise to a tertiary 
composite product of Au/TiO2@SiO2 (i.e., route (ii), Figure 6-1; see Subsection 6.2.6).  
This result elucidates that the TiO2 nanoparticles inside the SiO2 spheres were 
accessible to the AuCl4

 anions as well as other chemicals.  With assistance of UV-light, 
the AuNPs could be grown directly on the surface of TiO2 where opposite charge 
carriers (electrons and holes) were available upon the UV-photon irradiation.
84
 
Indirectly, it can also be deduced that the TiO2 nanoparticles were not coated with a thin 
layer of silica, because they remained active after the preparation.  In our experiments 
through route (ii), Figure 6-1, we found that the encapsulated nanoparticles are not 
imbedded in the shell structures (i.e., not stuck inside the 1D-channels).  In this regard, 
the nanoparticles may largely agglomerate in the centers of the SiO2CTAB hybrid gel 
spheres prior to the Ostwald ripening process and therefore they may also serve as 
nuclei for condensation of SiO2CTAB phase during the vertical channel growth (route 
(ii), Figure 6-1).  On the other hand, the nanoparticles may be well dispersed within the 
micellar phase (i.e., “oil” phase of DDT), which would naturally lead to center-inclusive 
configurations as evidenced in Figure 6-17g-h (also refer to route (iv), Figure 6-1).  
Furthermore, we do not notice obvious growth of nanoparticles within the porous 
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channels (Figure 6-17b,c,d,j) using the on-site synthetic methods (such as routes (i), (iii) 
and (v), Figure 6-1), which suggests that these channels solely serve as entrance or exit 
for the ionic and molecular species during the chemical reactions.  
Apart from the photo-induced synthetic reactions inside the central cavity, we have also 
carried out photocatalytic reactions inside the as-prepared TiO2@SiO2 “nanoreactors” 
(Figure 6-17h; see route (iv) of Figure 6-1).  In particular, photocatalytic degradation of 
methyl orange (MO) was chosen as another model reaction for demonstrative purpose.  
Figure 6-19 reports some kinetic data from this investigation (see Subsection 6.2.6).  In 
order to minimize the effect of adsorption of MO molecules onto the large surface of 
SiO2 shells, the starting concentration of C0 is the value after adsorption equilibrium has 
reached.  From these graphs, we can see that after 2 h of UV irradiation, MO 
concentration was reduced to 80% of the initial C0 (Figure 6-19a) using the TiO2@SiO2 
nanoreactors.  The observed degradation can be described as the 1
st
 order reaction, as 
plotted in Figure 6-19b, in accordance with the reported literature.
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  Importantly, this 
investigation elucidates that the UV light can penetrate or scatter through the porous 
SiO2 shells and provide the needed photon energy to the TiO2 catalyst located in the 
interior spaces.  At the same time, it also indicates that the organic dye molecules can 
diffuse through the vertical channels and reach the photon-excited TiO2 nanoparticles.  
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Figure 6-19 Photocatalysis data: (a) normalized concentration (Ct/C0; C0 and Ct are 
initial concentration and concentration at time t of methyl orange) versus reaction time 
(t) for the two samples tested, and (b) kinetic plots based on the data of (a).  Catalysts 
used in the experiments: microporous SiO2 spheres (route (iii) of Figure 6-1) and 
microporous TiO2@SiO2 spheres (route (iv) of Figure 6-1; also see Figure 6-17(h)). 
 
Due to the presence of active free radical species and charged carriers on the TiO2 
surfaces, one can observe a significant difference in degradation performance when the 
experiments were carried out with or without the presence of TiO2 catalysts.  Because 
the uniform pore size for the silica shells is around 1.8 nm, this type of TiO2@SiO2 will 
only allow the molecules smaller than this size limit to enter the nanoreactors.  In this 
sense, clearly, the TiO2@SiO2 nanocomposite prepared herein can also work as 
inorganic membrane reactors with additional functions of size selectivity for 
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photocatalytic reactions.  Similar investigations can also be extended to other 
microporous SiO2-based nanocomposite systems, in addition to those being showcased 
in Figure 6-17. 
 
6.4. Conclusions 
In summary, we have developed three simple one-pot solvothermal methods for 
preparation of mesoporous SiO2 hollow spheres with hexagonally aligned 1D-channels 
toward the centre of sphere.  Using the EGCTABwater as a reaction medium, hollow 
interiors can be gradually evolved inside the SiO2 spheres through Ostwald ripening 
mechanism, through which both reaction time and temperature can be utilized as 
controlling process parameters.  Using the EG CTABDDTwater as a reaction 
system, on the other hand, smoother interior walls for the central cavities of SiO2 
spheres can be attained, where the DDT phase serves as a soft-template (i.e., micelles) 
for deposition of the SiO2CTAB hybrid.  With a smaller amount of CTAB molecules 
used in synthesis, double-shelled SiO2 spheres can be further engineered.  Because their 
vertical 1D-channels offer the shortest pathway for ionic and/or molecular chemical 
species and their hollow interiors provide an essential space for chemical reactions, the 
above prepared SiO2 spheres could further function as ideal nanoreactors.  Furthermore, 
size-selective reactions can also be realized by controlling diameters of the 1D-channels.  
In addition to the synthesis of the phase-pure SiO2 spheres, we have also devised two 
solution-based methods, pre-installation and on-site synthesis, to introduced functional 
materials into the central cavities of SiO2 spheres.  In particular, nanoparticles such as 
TiO2, Co3O4, ZnS, Au, Ag/Au, and polyaniline etc have been introduced into the 
interior spaces of the mesoporous SiO2 spheres, and a total of 10 such SiO2-based 
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nanocomposites have been exemplified in this work.  The above synthetic methods 
indeed demonstrate their methodological merits and generality for design and 
architecture of this class of porous SiO2-enwrapped functional materials.  Moreover, 
communicable 1D-channels of the SiO2 shells and workability of the enclosed 
nanomaterials have also be verified with the photocatalytic degradation of organic dyes 
(e.g., methyl orange) and oxidative combustions of polyaniline.  On the basis of the 
above chemical reactions, it has been unambiguously proven that both inorganic ions 
and organic molecular species can penetrate through the 1D-channels and react within 
the interior spaces of SiO2 spheres, including deposition on pre-existing solid phases.  
Importantly, our spherical SiO2 products can be broadly classified into five major 
structural forms, and the mean radius of the 1D-channels in their shells are all 
constantly in the range of 1.81.9 nm.  In view of their working flexibility, we believe 
that the synthetic approaches and general concepts developed should also be applicable 
to the preparation of other advanced composite materials, in addition to those have been 
reported in the current work.  
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DESIGN OF A HIGHLY EFFICIENT MESOPOROUS 
CORE-SHELL NANOREACTOR WITH ENHANCED 
CATALYST LOADING
7.1. Introduction  
Ever since the discovery of MCM-41 and SBA-15 1, 2, meso-/microporous silica has 
attracted a tremendous attention in both fundamental research and practical application for 
its distinguished properties such as large surface area, tunable pore size, chemical inertness, 
low cytotoxcity, low density and so on.3 Apart from the investigations on pure 
meso/microporous SiO2, many groups have also reported synthesizing their multifunctional 
nanocomposites with (noble) metal nanoparticles, metal oxide nanoparticles, and 
biomaterials.4-40 Though these 2-D SiO2 supports have provided periodic pore structure, 
and larger surface area than SiO2 solid spheres,4-12 challenges still remain in areas of higher 
drug loading capacity, sustained release property, and confined nanocatalysis, etc. The 
core@porous-silica structures have been developed lately to work complimentarily with 
their flat counterpart,13-40 especially for the purposes of: (1) improving material’s (bio-) 
compatibility and stability,35 (2) prohibiting nanoparticle agglomeration and metal 
nanoparticle sintering during (catalytic) reactions by encapsulating them in the shell,13, 17, 38 
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or (3) devising multifunctional adsorbents or delivery vehicles.39 Among the 
core@porous-SiO2 structures, a special subordinate, namely core@void@ porous-SiO2, (or 
yolk-shell, rattle-type) has exhibited more and more superior properties in the past few 
years.27-37, 41, 42 Different from closely contacted core@shell composites, the 
core@void@porous-SiO2 allows reactants and products to diffuse in or out of 
micro/mesoporous SiO2 shell with less resistance, and provide space for reactions to take 
place on the spot. Additionally, sufficient exposure of active sites is possible for the 
enclosed freely movable core(s), so the reactivity scan be greatly enhanced. 23, 24, 40  
There are mainly three ways to prepare core@void@ porous-SiO2 structures. First and most 
widely used method is the combination of layer-by-layer coating with selective etching to 
remove intermediate layer. This method can maintain high morphology fidelity but requires 
multi-steps to generate the middle void space, which is time-consuming. 40-42 Second 
method is direct etching of core or shell materials in as-prepared closely attached core-shell 
nanocomposites. This method saved process steps for coating and removing intermediate 
shell, however, precise control of etchant concentration and etching time are crucial to 
maintain the core-shell strucuture.16, 18, 21, 23, 34, 43 In order to further simplify the synthesis 
of core@void@ porous-SiO2, soft templating methods using surfactants have been explored 
very recently to devise yolk-shell nanoparticles in a more convenient way. Nevertheless, 
three issues need to be considered in soft-template method which include the dispersion of 
core materials before the formation of shell, the amount of encapsulated functional 
materials, and the diameters of formed shells. 22, 31, 37, 44 
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Encouraged by previous endeavors, we have herein developed a facile self-assembly 
templating method to synthesize a novel nanostructure of Au@SiO2 long-bean-like network, 
trying to meet some of the challenges remained in hard- and soft-templating synthesis. 
Three steps were involved in our approach. Firstly, self-assembly was employed to 
rearrange freestanding Brust’s AuNPs and attached TEOS molecules into many linearly 
aligned nanoclusters, with several tens of AuNPs in each unit. Secondly, volume expansion 
took place in these AuNPs nanoclusters, driven by TEOS hydrolysis on the outer surface. 
As a result, linearly aligned hollow spheres (HSs) composed of AuNPs formed on the inner 
surface of SiO2 shell. These hollow spheres were segregated by SiO2 walls, which 
resembled a framework of double-shelled bean-pod. Within the same step, 
multi-component compact core-shell nanocomposites were also prepared to show the 
generality and facility of our method.  For instance, second core component such as Fe3O4 
or TiO2NPs was added into AuNPs suspension. Moreover, elementary ratio could be tuned 
by controlling the mixed volume of each type of nanoparticle suspension. Finally, 
calcinations were conducted at different temperatures to obtain optimum 
AuNPs@void@mesoporous SiO2 nanoreactors. AuHSs broke down to several bigger 
AuNPs in a SiO2 chamber at this time, and the whole nanoreactor looked like a network of 
long-beans. To be specific, Au ‘beans’ were encapsulated in interconnected 3-D 
mesoporous SiO2 ‘pods’. Their catalytic reactivity was later evaluated by 4-nitrophenol 
reduction, and our nanoreactor showed a better reactivity compared with previous works. 24, 
43  
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7. 2. Experimental Section 
7.2.1. Synthesis of Au Nanoparticles 
Au nanoparticles with the size of 2-4 nm were prepared using a modified Brust’s method.45  
Briefly, 12.0 mL of 0.01 M hydrogen tetrachloroaurate (III) trihydrate (HAuCl4, 
Sigma-Aldrich) aqueous solution and 7.0 mL of tetra-n-octylammonium bromide (TOAB, 
0.19 g, Alfa Aesar) toluene solutions were mixed with vigorous stirring. AuCl4- was thus 
transferred into toluene phase and 1.0 mL of 0.22 M 1-dodecanethiol (DDT, Aldrich) was 
added into toluene. Then a freshly made 12.0 mL of 0.01 M sodium borohydride (NaBH4, 
Sigma-Aldrich) was added into toluene phase with vigorous magnetic stirring for 5 min. A 
black toluene suspension of Au nanoparticles was later collected for future experiments. 
 
7.2.2. Synthesis of 3-D Network with Double-shelled Au/SiO2 ‘Nano-beanpod’ 
Branches 
In a typical experiment, 0-8.0 mL of deionized water was added into 20.0 mL of 2-propanol 
in a 100 mL of glass bottle followed by the addition of 0.5 g cetyl trimethylammonium 
bromide (CTAB, C19H42BrN, Fluka, ≥96.0%). After CTAB was dissolved, a 0.5 mL of 
32% ammonia solution was added. Meanwhile, 40-60 μL of tetraethyl orthosilicate (TEOS, 
C8H20O4Si, Fluka, 99%) was added into a 3.0 mL of AuNPs toluene suspension and the 
mixture was sonicated for 5 min to have TEOS thoroughly dissolved into nanoparticle 
suspension. Afterward, the TEOS-AuNPs mixture was added into CTAB solution 
dropwisely. Then TEOS hydrolysis reaction was carried out at room temperature for 4-10.5 
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hours with magnetic stirring. Final product was washed with ethanol thoroughly and dried 
in a 60oC vacuum oven overnight. Dynamic study was also carried out at different times of 
reaction to investigate the formation of bean-pod-like Au/SiO2 structure. 
 
7.2.3. Addition of a Second Functional Species 
In order to test the generality of our method, we added Fe3O4 or TiO2NPs into SiO2 shell as 
a second functional component besides Au. Fe3O4 and TiO2NPs toluene suspensions were 
prepared in advance according to previous literatures.46, 47 Then 0.5-1.0 mL of Fe3O4 or 
TiO2 toluene suspension was well mixed with AuNPs before addition of TEOS. The 
experimental parameters were kept the same with subsection 7.2.2, and Fe3O4-Au/SiO2 or 
TiO2-Au/SiO2 was obtained. Those samples were later calcined in tube furnace to remove 
organic surfactants in nitrogen or air. The ratio of second component to Au NPs can be fine 
tuned by changing their addition volumes. Two demonstrative experiments were carried out 
for syntheses of TiO2-Au/SiO2. In one experiment, we added a mixture of 0.5 mL of 
TiO2NPs and 2.5 mL of AuNPs, while a mixture of 1.0 mL of TiO2NPs and 0.5 mL of 
AuNPs was used in the other experiment. The elemental ratios were later measured by 
EDX. 
 
7.2.4. Preparation of 3-D Nanoreactor with Long-bean-like Au@SiO2 Branches 
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Au/SiO2 powders collected from 7.2.2 were calcined in a programmed heating tube furnace 
(Carbolite, 900oC Tube Furnace) at 250oC, 300 oC, 350 oC, 400 oC and 450 oC in air for 
30min. Heating speed was kept constant at 10oC/min from room temperature.  
 
7.2.5. Catalytic Reactivity Evaluation of Au/SiO2 Nanoreactors by 4-nitrophenol 
Reduction 
The catalytic reactivity of Au/SiO2 nanoreactor prepared in 7.2.4 was characterized by the 
reduction of 4-nitrophenol by NaBH4 monitored by UV-Vis spectrophotometry online scan. 
Firstly,  a solution containing 3.0 mL of DI water, 0.24 mL of sodium borohydride (0.1M) 
and 0.036 mL of 4-nitrophenol (0.01M, light yellow) was prepared in a quartz cuvette. 
Afterwards, 1.0 mg of Au/SiO2 powder calcined at different temperature was added into the 
yellow solution via sonication. The concentration change of 4-nitrophenate was recorded 
by a successive UV-Vis scan at the position of 400nm.48, 49 
 
7.2.6. Materials Characterization 
The crystallographic structure of the products was determined by X-ray diffraction (XRD, 
Shimadzu XRD-6000, CuKα). The elementary ratios were measured in EDX (Oxford 
instruments, Model 7426). The structural and morphological information of all the 
nanocomposites were obtained by Transmission electron microscopy (TEM, JEM-2010F). 
Compositional investigations for the samples were carried out with Fourier transform 
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infrared spectroscopy (FTIR, Bio-Rad). The content of surfactant in nanocomposites was 
determined using a thermogravimetric method (TGA, TA instrument TGA 2050). Surface 
area and porosity analysis was investigated by BET and BJH methods, (NOVA-3000). 
Catalytic reduction of 4-nitrophenol was recorded using UV-Visible spectrophotometry 
(Shimadzu UV-2450). 
 
7.3. Results and Discussion 
The basic idea in this paper is to use self-assembly of nanoparticles as template on which 
miscible precursor hydrolyzes/polymerizes to form a layer outside those assemblages. As 
Au@SiO2 nanocomposites have been widely studied, we choose them herein as a modal 
pair to illustrate this idea. Figure 7-1 summarizes the three main synthetic steps to obtain 
network with long-bean-like multi-chamber Au/SiO2 nanoreactor. In step (i), TEOS 
molecules were pre-dissolved into AuNPs (Diameter = 2.2 ± 0.7 nm, Fig.7-2a) 45 toluene 
suspension through hydrophobic interactions (‘like dissolves like’).50 Then their mixture 
self-assembled into nanoclusters when added into mixed solvents of 2-propanol and DI 
water, in the presence of CTAB. These nanoclusters were stabilized by TEOS and CTAB 
molecules on the surface (see the zoom-in illustration of AuNP nanocluster). In step (ii), 
hydrolysis of TEOS took place in these AuNP nanoclusters. They gradually expanded into 
AuNP hollow nanospheres (AuHSs) and adsorbed onto the inner surface of SiO2 chambers, 
one sphere in one chamber. Here, CTAB played as a pore-generator to during the formation 
of SiO2 shell. In step (iii), when calcined in air, AuHSs broke down to several bigger Au 
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nanoparticles due to the removal of capping agents, while the hollow space still remained 
without noticeable shrinkage. In addition, mesoporous SiO2 shell formed after CTAB was 




Figure 7-1 Formation of Au/SiO2 long-bean-like multi-chamber nanoreactor via self-assembly of 
AuNPs (i) and TEOS hydrolysis (ii), and calcination in air (iii). 
 
Figure 7-2 b-d were the TEM images of Au/SiO2 network collected after step (ii). Figure 
7-2b was the panoramic view of the nanocomposites, which showed that the network was 
composed of branches with linearly aligned Au hollow nanospheres, segregated and coated 
by a thin layer of SiO2 (see Figure 7-2c-d). When observing using higher magnification in 
(ii). Hydrolysis
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Figure 7-2d, Brust’s Au nanoparticles were clearly seen, without size change throughout 
the reaction. This indicated that Au nanospheres were actually the self-assemblies of 
AuNPs. The average diameter of Au nanospheres was 49.2 nm, and average thickness of 
SiO2 coating was 15.9 nm. Therefore, total width of this double-shelled bean-pod was ca. 
81 nm. Figure 7-2e is the XRD test for Au/SiO2 network before step (iii). One widened 
peak occurred at 2θ = 38o, which indicated the presence of nanoparticles, in accordance 
with the observation in Figure 7-2d. 51 Thermogravimetric analysis in Figure 7-2f shows 
that the weight ratio of organic phase was 17%, corresponding to the peak at 248.1oC.52  
In order to understand the formation mechanism of double-shelled Au/SiO2 bean-pod 
structure, we then carried out dynamic study in Figure 7-3 for a period of 2 h. In Figure 
7-3a, solid gold nanoclusters formed in the first 5 mins due to the polarity change of 
solvent.50 There were gaps between each nanocluster, even before SiO2 shell formed. Upon 
further TEOS hydrolysis reaction to 35 min (Figure 7-3b), we can clearly see that a thin 
layer of SiO2 was coated outside Au nanoclusters. At this time, the most of Au nanoclusters 
were still solid but some Au hollow spheres appeared in TEM images. When the reaction 
time went up to 1 h (Figure 7-3c), the thickness of SiO2 coating increased to ca. 24 nm and 
more Au hollow spheres appeared with decreasing numbers of solid nanoclusters. This has 
implied that the Au nanospheres derived from the expansion of solid nanoclusters during 
SiO2 hydrolysis. At the time of 2h in Figure 7-3d, solid Au nanoclusters almost disappeared, 
only Au hollow spheres could be observed. However, we could find some Au spheres with 
unsymmetrical thickness, as found in Figure 7-3c-d. One possible reason for this was 
different distances between Au nanoclusters caused them expanded unevenly. As a result, 
some part of the sphere had higher density of nanoparticles than the rest. If we increased 
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the reaction temperature to 65oC (Figure 7-3e), Au spheres turned to elongated ‘bubbles’ 
and most of them were adjacent to each other without SiO2 septum (inset image in Figure 
7-3e).  
 
Figure 7-2 TEM images of freestanding Au nanoparticles synthesized via Brust’s method 
(a); Au/SiO2 3-D network synthesized at room temperature (reaction time = 5.5 h), 
(b-d);TGA/DrTGA (e) and its XRD (f) analysis of Au/SiO2 nanocomposites (AuNPs = 3.0 
mL, TEOS = 60 μL, CTAB = 0.5 g, room temperature reaction for 6 h ). 




Figure 7- 3 Dynamic study of the formation of Au/SiO2 3-D core-shell network: t = 5min 
(a), t = 35 min (b), t = 1 h (c), and t = 2 h (d); Au-SiO2 core-shell 3-D network synthesized 
at 65 oC (e) and calcined at 250 oC for 1 h (f). Arrows in (c) and (d) point to unsymmetrical 
AuNPs nanorings. 
 
The diameter of this Au/SiO2 double-shelled structure increased to ca. 100 nm which was 
20 nm bigger than that synthesized at room temperature. After calcined at 250oC in Figure 
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7-3f, Au spheres broke down to bigger AuNPs and the center of SiO2 layer turned into a 
tube without any chambers. 
In Figure 7-4, we have further investigated the influences of AuNPs, TEOS, and CTAB on 
the final product morphology individually. In Figure 7-4a, when AuNPs suspension was 
replaced by pure toluene solvent, we could only obtain interconnected solid spheres of SiO2 
with an average diameter of 360 nm, much bigger than that of Au/SiO2 branches. In fact, 
we were using modified stöber’s method to prepare solid SiO2 spheres here, so the much 
bigger diameter of SiO2 spheres was reasonable. 53 Second, in Figure 7-4b, microsized 
spherical AuNPs assemblies were obtained when TEOS was not added into AuNPs toluene 
suspension. Without the protection of SiO2 chambers, AuNPs aggregated quickly due to the 
removal of capping agent (DDT) in alcohol solution.54 That was observed by quick 
precipitation of AuNPs assemblies during magnetic stirring. Third, when there was no 
CTAB, AuNPs were found dispersed outside the interconnected solid big SiO2 spheres 
(Figure 7-4c), a physical combination of Figure 7-2a and Figure 7-4a. This was probably 
because TEOS molecules diffused into alcohol phase and hydrolyzed into big SiO2 spheres 
without being captured by CTAB on the surface between Au nanoclusters and alcohol 
phase. AuNPs were bigger than original Brust’s AuNPs, but the interconnected SiO2 
spheres disturbed further aggregation of AuNPs by immobilize them on the surface. Lastly, 
if AuNPs suspension was added before TEOS by 5 minutes, we got big perforated Au 
spheres coated by a layer of SiO2 (see Figure 7-4d). The holes on Au spheres were probably 
caused by expansion of Au microclusters during TEOS hydrolysis. With the addition of 
TEOS, Au microclusters underwent several tens of nanometers expansion which couldn’t 
change the whole the microclusters into hollow spheres. Instead, many holes were 
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generated on the surface of these Au microclusters. The size of AuNPs microspheres here 
was smaller compared with the one in Fig.3b, which indicated that TEOS could limit the 
aggregation of AuNPs to a certain extent. To sum up, all the experimental parameters 
played corporately on the final Au/SiO2 double-shelled structure. AuNPs suspension 
provided template for TEOS hydrolysis, while CTAB connected both AuNPs nanoclusters 
and TEOS as a surfactant to guarantee the final core-shell structure. TEOS hydrolyzed into 
SiO2 shell and worked together with CTAB to limit the AuNPs cluster size. Last but not 
least, CTAB also served as the porogen to obtain mesoporous SiO2.  
 
Figure 7-4 Investigation on important experimental parameters to fabricate Au/SiO2 
nanocomposites. Experimental conditions: (a) without addition of AuNPs 3.0 mL of 
toluene, CTAB = 0.1 g; (b) TEOS = 0, CTAB = 0.1 g; (c) CTAB = 0 g; (d) Addition of 
AuNPs and TEOS separately: 3.0 mL of AuNPs was firstly added into mixed solvent. After 
magnetic stirring for 10 mins, 60 μL of TEOS was added into mixture solution. Other 
experimental conditions were kept the same with subsection 7.2.2. 
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Inspired by the recent endeavors on multifunctional nanoreactors which have more than one 
functional material to work either separately or synergically,55-59  we incorporated a 
second component besides AuNPs into SiO2 shell in Figure 7-5 to demonstrate the facility 
of our method in preparation of more complicated nanocomposites. As magnetic Fe3O4 and 
photocatalytic anatase TiO2 nanoparticles are widely used for their unique properties, we 
selected them as examples. Figure 7-5a,d are the TEM images of freestanding Fe3O4 and 
TiO2 nanoparticles synthesized via modified reported methods, with average sizes of 17 nm 
and 4.5 nm, respectively. Their toluene suspensions were mixed together with AuNPs and 
TEOS before being added into 2-propanol-DI water mixed solvent. Oleic acid was also 
involved in the nanocomposites syntheses here, for it was used as capping agent to control 
the growth of Fe3O4 and TiO2 nanoparticles. In Figure 7-5b, the diameter of Fe3O4-Au/SiO2 
micro-‘rings’ ranged from 200 to 500 nm, and the SiO2 shell was about 35 nm which was 
thicker than that of Au/SiO2 nanocomposite. The addition of oleic acid may change the size 
of surfactant micelles into much bigger ones. With the same amount of SiO2 coating and 
bigger AuHSs, the shell here was thicker. Fe3O4 and Au nanoparticles were well-mixed 
when observed at higher magnification, in which darker dots were gold nanoparticles, and 
bigger particles with less darkness were Fe3O4 NPs in Figure 7-5c. When their suspension 
was placed in a magnetic field, the particles quickly moved towards the side of magnet, 
which made particle separation process very easy (Figure 7-6). XRD result in Figure 7-5g 
also confirmed the existence of Fe3O4 NPs. Only widened peaks were recorded, due to the 
small size of nanoparticles. After calcination in nitrogen gas (to prohibit Fe3O4 NPs 
oxidation by O2) at 350oC for 30 mins, bigger Au particles formed in the central void space 
because of the convergence of gold melt and re-growth during cooling process.  








Figure 7- 5 TEM images of freestanding Fe3O4 NPs (a) and TiO2 NPs (b); Fe3O4-Au/SiO2 
synthesized at room temperature (c) and calcined at 450oC (d); TiO2-Au/SiO2 synthesized 
at room temperature (e) and calcined at 300oC (f); XRD results of Fe3O4-Au-SiO2 (g) and 
TiO2-Au/SiO2 (h), synthesized at room temperature. Asterisk mark (*) in (h) is the peak for 
plastic sample holder. 
 
However, surprisingly, AuNPs smaller than 10 nm were also found dispersed on the outer 
surface of SiO2 shell (Figure 7-7). As the convergence of gold melts was partly blocked by 
the co-existed of Fe3O4 NPs, then Au melt was forced to penetrate through micro-pores in 
the shell and re-grow on the surface of SiO2. This could be considered as evidence to the 
existence of mesopores. Meanwhile, due to the small size of these pores, only limited 
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volume of gold melt could penetrate through, and thus the size of AuNPs on the 
outer-surface of SiO2 shell was well controlled. The morphology of TiO2-Au/SiO2 in 
Figure7-5e was similar with Au/SiO2 but SiO2 coating was thinner, which was about 11 nm 
in thickness, for the AuHSs were smaller in TiO2-Au/SiO2 than those in Au/SiO2. 
Nevertheless, TiO2 nanoparticles were found imbedded in SiO2 shell, forming the septum 
with SiO2. This was confirmed in Figure7-7d, where TiO2 nanoparticles became more 
noticeable after calcination, while bigger movable Au particles were encapsulated inside. 
 
 
Figure 7-6 Fe3O4-Au/SiO2 nanocomposite responses to external magnetic field 
Magnet 




Figure 7-7 TEM images for Multi-component nanoreactors after calcinations at 350oC (33 
min, in N2 gas) for Fe3O4-Au/SiO2 (a-b), and 300oC (45 min, in air) for TiO2-Au/SiO2 (c-d). 
 
XRD result in Figure7-5f shows the characteristic peaks for both anatase TiO2 and Au 
nanoparticles. Then we continued to control the elementary ratio of [Au]/[Ti] by simply 
adjusting different volumes of TiO2 and AuNPs suspensions (Figure7-8). The EDX results 
show that the final [Au]/[Ti] molar ratios were successfully tuned. We believe exact control 
of elementary ratio can be achieved by adjusting volume and concentration of each 
component suspension, which is able to work as tunable photocatalytic or optical 
materials.60  
 





C K 6.78 23.03 
O K 10.54 26.88 
Si K 17.48 25.40 
Ti K 6.56 5.59 
Cu K 15.96 10.25 
Au L 42.68 8.85 








Figure 7-8 EDX result of tunable ratio of [Au]:[Ti] in TiO2-Au/SiO2. A). Atomic Ratio of 
[Au]:[Ti]= 1.58, Experimental Conditions: 2.5 mL of AuNPs toluene suspension + 0.5 mL 
of TiO2NPs toluene suspension + 40 μL TEOS was added into mixed solvents of 20.0 mL 
of 2-propanol + 4.0 mL of DI water + 0.1g CTAB + 0.5 mL of 32% ammonia solution; 
magnetic stirring for 6h at room temperature; B). Atomic Ratio of [Au]:[Ti]= 0.45 
Experimental Conditions: 0.5 mL of AuNPs toluene suspension + 1.0 mL of TiO2NPs 
toluene suspension + 60 μL TEOS was added into mixed solvents of 20.0 mL of 2-propanol 
+ 4.0 mL of DI water + 0.5g CTAB + 0.5 mL of 32% ammonia solution; magnetic stirring 
for 6h at room temperature. 
Element Weight% Atomic%
O K 45.15 73.35 
Si K 17.72 16.39 
Ti K 13.04 7.08 
Au M 24.09 3.18 
Totals 100.00  
B 
A 










Figure 7-9 Au/SiO2 nanoreactors after calcination at: 250oC, 30min (a), 300oC, 30min (b), 
400oC, 30min (c),  and after TGA analysis (up to 900oC) (d). UV-Vis absorption of 
Au/SiO2 synthesized at room temperature and calcined at 250oC, 300oC, 400oC and TGA 
heat treatment (up to 900oC), (e); 
 
Figure 7-9 are some selected TEM images of Au/SiO2 nanocomposites calcined at 250, 300, 
400 oC, and after TGA analysis with the final temperature of 900 oC. Due to the breaking 
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down of AuHSs during heat treatment, SiO2 chambers with movable AuNPs inside were 
obtained in TEM images of Figure 7-9a-c. As these Au/SiO2 nanocomposites had both 
active component (Au) and protective material (SiO2), and a hollow space for reaction to 
take place (SiO2 chambers), they can be considered as ‘nanoreactors’. Furthermore, 
mesopores in SiO2 shells could be clearly seen in Figure 7-9b-c, which assisted faster 
diffusion of reagents through Au/SiO2 nanoreactors. For Au/SiO2 after TGA heat treatment, 
the pores ‘collapsed’ at high temperature 61 and SiO2 shell became solid and smooth. In 
comparison with Figure 7-9a, bigger Au particles were observed at higher calcination 
temperatures (Figure 7-9b-d). Unexpectedly, the size of AuNPs in Figure 7-9d is ca. 23 nm, 
without significant aggregation after TGA analysis. This could be attributed to the blockage 
by ‘collapsed’ SiO2 chambers which limited the movement of AuNP melts so as to prohibit 
further growth. In the UV-Vis spectra (Figure 7-9e), there was no absorption of Au of 
Au/SiO2 synthesized at room temperature due to the small size of Brust’s gold which 
doesn’t show striking Plasmon band at this size. While for gold nanoparticles bigger than 
20nm, they exhibited a strong peak around 550nm.62, 63 The spectra showed a clear trend of 






























Figure 7-10 BET result of 400oC calcined Au/SiO2 nanoreactor 
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The specific area and porosity of Au/SiO2 nanoreactor made at 400oC (Figure 7-9c) were 
measured by BET and BJH method, and the results were shown in Table 7-1 and Figure 
7-10. The Au/SiO2 (400oC) had a large surface area of 785.5 m2/g, and uniform pore size 
distribution at 1.9 nm (also in Figure 7-10b). The adsorption-desorption curve displayed in 
Figure 7-10a belonged to type IV isotherms with H4 hysteresis loop according to IUPAC 
classification. 64  
In Figure 7-11, we plotted a group of reaction kinetics graphs to optimize calcination 
temperature for the preparation Au/SiO2 nanoreactor. The Au/SiO2 3-D long-bean-like 
nanoreactors calcined at 250 to 450 oC were used for the catalytic reduction of 
4-nitropheneol (4-NP) in an excess amount of NaBH4 solution. Figure 7-11a was a typical 
example of successive UV-Vis spectra for 4-NP reduction using Au/SiO2 nanoreactor made 
at 350oC. In 7th minute time, the concentration of 4-NP with absorption peak at 400 nm 
decreased to zero while a new peak at 295nm kept increasing because of the product 
accumulation of 4-aminophenol in the solution.65 XRD result in Figure 7-12c indicated the 
growth of AuNPs after calcination compared with Figure 7-2e, by much sharper and 
stronger peaks. TEM images of Au/SiO2 (350oC) before and after 4-NP reduction (Figure 
7-12 (a-b)) didn’t show any big change of gold nanoparticles such as size increase, 
agglomeration or collapse of the SiO2 shell during the low-temperature catalytic reaction. 
Therefore, our nanoreactor was robust for room-temperature reactions. Though AuNPs 
were the active part of our nanoreactor, the steady SiO2 mesoporous shell allowed 
continuous diffusion of 4-NP and NaBH4 molecules to react on AuNPs surface, which was 
crucial to maintain the robustness of our nanoreactor. Figure 7-11b-c were the 
combinations of all the reaction and kinetics plots for catalytic reduction of 4-NP by 
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Au/SiO2 nanoreactors. The inset histogram in Figure 7-11c, drawn from the slopes of 
Figure 7-11b, gave us a clear comparison of the nanoreactor catalytic reactivity. Au/SiO2 
(350oC) had the highest apparent kinetic constant value (kapp) 66 among the samples, and 
nanoreactors fabricated at lower or higher temperatures had smaller kapp values. In order to 
explain this phenomenon, we further carried out our FTIR and UV-Vis analysis of each 
nanoreactor. Firstly, FTIR spectra were recorded for each nanoreactor in Figure 7-11d, 
including Au/SiO2 synthesized at room temperature. The peaks at 2924 and 2852 cm-1 of 
organic surfactant 67 can be totally removed at temperatures above 300oC. The existence of 
surfactant was unfavorable for reactant or product molecules diffusion in catalytic 
reactions.17 That explains why nanoreactors calcined at temperatures above 300oC have 
higher reactivity than the ones calcined at or below 300oC. Secondly, results in UV-Vis 
spectra in Figure 7-9e indicated that thermal treatment at higher temperature caused growth 
of AuNPs average size, and thus affected their final catalytic reactivity. 17 According to the 
equation below,  
ttapp CSkCkdt
dCt ••=•=− 66 
The apparent kinetic constant kapp is proportional to the surface area of catalyst. As 
calcination temperature increases, the Au particles grow bigger and thus the surface area is 
reduced and less coordinatively unsaturated surface Au atoms were provided as catalyst for 
4-NP reduction.18, 68 That was a possible reason for higher kapp value of nanoreactor made at 
350oC than those made at 400oC and 450oC. This has completed our investigation from 
material preparation to catalysis application. We believe that by using this method, more 
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nanoreactors can be designed for specific reactions by changing the functional components 










Figure 7-11 UV-Vis successive scan of 4-nitrophenol reduction catalyzed by Au/SiO2(350) (a); 
Ct/C0-versus-time plots (b), and ln(C0/Ct)-versus-time plots for Au/SiO2 calcined at 250oC, 300oC, 
350oC, 400oC  and 450oC, (c) (inset histogram is Au/SiO2 kapp-versus-temperature); FTIR spectra 
of  Au/SiO2 synthesized at room temperature and calcined at 250oC, 300oC, 350oC, 400oC and 
450oC , (d); 
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Figure 7-12 TEM images before and after 4-nitrophenol reduction; Au/SiO2 (350) 
(c)-(d).XRD test of Au/SiO2(350) (a); 
 
7.4. Conclusion 
In summary, we have developed a self-assembly templated hydrolysis method for synthesis 
of long-bean-like nanoreactors. Networks with branches of interconnected double shelled 
bean-pods were harvested at room temperature. Important synthetic parameters such as 
time, temperature and reagents are discussed to have a deeper understanding of the 
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formation mechanism. Our time-controlled experiments indicate that Au nanoclusters made 
of AuNPs expand with the growth of SiO2 shell, forming Au hollow spheres (AuHSs) in 
the center. Bigger, elongated and interconnected AuHSs are obtained without the SiO2 
septum when the reaction temperature is increased. Moreover, from our comparison 
experiments, it is concluded that AuNPs, TEOS and CTAB work coordinately on the final 
product’s morphology. Specifically speaking, AuNPs suspension provides the template for 
SiO2 layer formation; CTAB connects both Au nanoclusters and TEOS to guarantee the 
final core-shell structure; and TEOS-CTAB pairs control the size of Au nanoclusters. Last 
but not least, CTAB also serves as the porogen for mesoporous SiO2 shell. By using the 
same method, second functional component such as Fe3O4 or TiO2NPs is successfully 
incorporated into SiO2 chambers with AuNPs. Meanwhile, their elementary ratio can be 
tuned by controlling the volumes of each material’s suspension.   
Network of long-bean-like Au@mesoporous SiO2 nanoreactors are produced from the 
as-prepared Au/SiO2double-shelled bean-pod by calcinations at different temperatures. Au 
hollow spheres break down to bigger AuNPs due to the removal of DDT and other 
surfactants. Mesoporous SiO2 shell is generated at mild calcination temperatures (around 
400oC). Catalytic reactivity of 4-nitrophenol reduction is examined for each nanoreactor, 
and AuNPs@mesoporous SiO2 made at 350oC had the highest apparent kinetic constant, 
kapp. FTIR and UV-Vis spectra indicate that capping agent has a higher influence on the 
reactivity of nanoreactors than the size of AuNPs, though both of them are the key factors 
to kapp values. In view of its synthetic flexibility, we believe that this self-assembly 
templating method can be generalized to design nanoreactors for certain reactions by 
altering core materials, or meet more challenges in applications by adding tertiary or even 
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quaternary functional core component. Furthermore, the porous SiO2 shell can also be 
replaced by other materials such as TiO2 or carbon.  
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CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
This thesis work has developed several novel preparation approaches for the synthesis 
of various hollow or core-shell micro-/nanostructures. The process mechanisms, 
formation of nanostructures, and their properties have been investigated systematically. 
The most important conclusions of the research work are discussed in the following 
aspects: 
A) Self-assembly of presynthesized monodisperse TiO2 nanoparticles are adopted as 
soft-templates for solution-based synthesis of anatase-polyaniline nanocomposites. By 
tuning the polarity of mixed solvents, different aggregative forms of TiO2 nanoparticles 
can self-assemble into three-dimensional network-like aggregates. The self-assembled 
TiO2 aggregates then serve as soft templates for deposition of polyanline, and core-shell 
structures of anatase-polyaniline nanocomposites can thus be prepared. This preparation 
approach also offers a method for preparation of complex core-shell nanocomposites 
with higher process flexibilities. 
B) A nanoparticle-mediated approach is devised for preparation of complex core-shell 
and hollow sphere nanostructures, in which oleate-surfactant-protected anatase TiO2 




nanoparticles play multifunctional roles in the construction of highly complex 
nanostructures. A total of six types of composite structures have been fabricated, namely, 
core-shells of SiO2/TiO2, SiO2/TiO2/PAN, and SiO2/TiO2/PAN/TiO2, and complex 
hollow spheres of TiO2/PAN, TiO2/PAN/TiO2, and TiO2/TiO2. Our preliminary 
experimental results also show the applicability of these nanostructures in real 
photocatalytic applications, especially for the separation of used catalysts after reaction 
owing to their relatively large external diameters. 
C) Ostwald ripening and soft-tempating are employed in solvothermal process to 
prepare mesoporous SiO2 hollow or double-shelled spheres with hexagonally aligned 
1D-channels toward the center of sphere, in which CTAB micelles play an important 
role on the vertical pores formation. In addition to the synthesis of the phase-pure SiO2 
spheres, functional materials are introduced to the hollow SiO2 center by two 
solution-based methods, pre-installation and on-site synthesis. Moreover, communicable 
1D-channels of the SiO2 shells and workability of the enclosed nanomaterials have also 
been verified, and it has been unambiguously proven that both inorganic ions and 
organic molecular species can penetrate through the 1D-channels and react within the 
interior spaces of SiO2 spheres. In view of their working flexibility, we believe that the 
synthetic approaches and general concepts developed should also be applicable to the 
preparation of other advanced composite materials, in addition to those reported in the 
current work. 
D) Self-assembly of Au nanoparticles is utilized as soft-template for TEOS hydrolysis 




so as to produce bean-pod-like Au-SiO2 core-shell nanocomposites. Mesooporous SiO2 
is generated after heat treatment, and Au nanoparticles are stored in SiO2 interconnected 
chambers, which can considered as an ideal nanoreactor. Concerning the application, 
the Au@mesoporous SiO2 nanoreactor works efficiently for 4-nitrophenol catalytic 
reduction. In view of synthetic flexibility of our method, second core component such 
as Fe3O4 or TiO2 nanoparticles are successfully incorporated into SiO2 chambers by 
pre-mixing their suspensions with Au nanoparticles. Elementary ratio between core 
components can be fine-tuned by controlling the volumes of each material’s suspension. 
We believe that this self-assembly templating method can be generalized to design more 
nanoreactors by altering core materials, or addition of tertiary or even quaternary core 
component to fabricate multi-functional nanoreactors. Furthermore, the porous SiO2 
shell can be replaced by other materials such as TiO2 or carbon. 
 
8.2 Recommendations 
Based on the results obtained so far, we hereby recommend some consecutive research 
directions for the future work. 
A) In Chapter 4 and Chapter 7, we have developed nanoparticle self-assembly 
templating method to fabricate TiO2/polyaniline and Au/SiO2 network-like core-shell 
nanocomposites. However, uniform self-assembled building blocks of TiO2 or Au 
nanoparticles were not achieved which might be responsible for the interconnected 




polymer or SiO2 coating. This might limit the applicability of our nanocomposites. 
Therefore, future work needs to be carried out on tuning experimental parameters such 
as polarity of solvent, surfactant concentration, and reaction temperature to achieve 
colloidal dispersions of nanoparticle assemblages and core-shell nanocomposites.
1, 2
 The 
advantages of monodispersed colloidal nanocomposites lie in areas of improved 




B) In Chapter 4 and Chapter 5, we have prepared different types of TiO2/polyaniline 
nanocomposites. The different contacts between TiO2 nanoparticles and polyaniline may 
generate different properties of these nanocomposites. Polyaniline is a p-type 
conductive polymer while TiO2 is n-type semiconductor. The resistance of the p-n 
heterojunctions combining with the bulk resistance of polyaniline can function as 
electric current switches for NH3, when gas molecules adsorb onto polyaniline.
4
 
Moreover, polyaniline/TiO2 nanocomposites can significantly enhance the optical 
contrast and coloration efficiency for pure polyaniline. Furthermore, when covalently 
bonded to polyanline, TiO2 nanodomains can act as electron acceptors, reducing the 
oxidation potential and band gap of polyaniline. This will help improve the long-term 
elctrochromic stability of the composites.
5
  
C) Mesoporous SiO2 and its nanocomposites have been obtained in Chapter 6 and 
Chapter 7. However, many applications (such as adsorption, ion exchange, etc) require 
the materials to have specific properties such as binding sites, stereochemical 






 Furthermore, modification of the internal and external surfaces of 
SiO2 with organic ligands is also important for the stabilization of mesostructure, to 





Figure 8-1 Schematic drawing of functionalized monolayers on mesoporous supports 
(FMMS). One end group of the functionalized monolayers is covalently bonded to the 






Figure 8-2 Schematic conformations of functionalized monlayers on the surface under 
different conditions. (A) Disordered molecules at 25% surface coverage. (B) 









A lot of research work has been carried out on the covalent coupling of organic moieties 
onto SiO2 walls, which includes post-synthetic grafting,
8,9
 or surfactant-mediated 
co-condensation reactions of organosilane with TEOS.
10-12
 For instance, people 
introduced thiol groups to the pore surface of mesoporous SiO2 via post-synthetic 
grafting in Figure 8-1, by mixing tris(methoxy)mercaptopropylsilane (TMMPS) with 
mesoporous silica in an appropriate solvent. The organosiloxane groups were eventually 
covalently attached to the SiO2 after hydrolysis. This organic layer could efficiently 






Figure 8-3 TEM images of the organic-inorganic hybrid MNPs synthesized by 




Secondly, co-precipitation of organosiliane with TEOS has also been used recently.
14, 15
 




Mesoporous silica-surfactant composite nanoparticles (SSNs) were prepared from a 
mixture of TEOS, 3-aminopropyltriethoxysilane (APTES), CTAB, water, ethylene 
glycol (EG) by stirring at 50
o
C for 4 h. It was reported that a high doping ratio up to 32 
wt% of APTES to TEOS was achieved, and a long-range periodicity was still 
maintained (see Figure 8-3).
14
  Apart from the surface modification of the micro-SiO2, 
its large surface area and tunable hollow center is actually a very good hard template to 
fabricate other organic or inorganic materials with special structures.
16-18
 Lastly, some 
efforts are worth to be put on scaling up the fabrication of mesoporous SiO2 spheres. 
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